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ABSTRACT 

PETROLOGY AND GEOCHEMISTRY OP 
PLAGIOGRANITE AND RELATED BASIC ROCKS OF THE 
CANYON MOUNTAIN OPHIOLITE COMPLEX , OREGON 

David C. Gerlach 

The Canyon Mountain complex, located in the Blue Mountains of 

eastern Oregon, is part of a belt of Paleozoic and Mesozoic rocks 

believed to represent former island arc and oceanic crust. 

Stratigraphic relations and radiometric dating have confirmed the 

age of the complex to be Permian. 

The Canyon Mountain complex is similar in many ways to other 

typical ophiolites, although some problematical differences are 

apparent. Sheeted basalt dikes normal to cumulate layering, and 

pillow basalts are absent. Basaltic intrusions in the upper portion 

of the complex cure mostly in the form of sills. A large volume of 

plagiogranite is present at Canyon Mountain as well. Plagiogranites 

are concentrated along the contact of high-level hornblende gabbros 

and diabase with the overlying keratophyre host rocks. Diabase and 

basalt both predate and intrude the plagiogranites. 

The field relations, and major- and trace element chemistry 

support a model by which the plagiogranites were derived by low- 

pressure partial melting of hydrothermally-altered basic rocks. It 

is also possible that some of the plagiogranites could be late-stage 

differentiated liquids. 

The major- and trace element chemistry of the gabbros, 

diabases, and basalts afford evidence that the ophiolite complex 



was an open system during much of its development. The evidence 

does not support a simple model of fractional crystallization of a 

basaltic magma, but repeated influxes of new basic magmas, each 

possibly produced by partial melting of a mantle source already 

depleted in LIL elements. Different mantle source lithologies 

or more complex melting models may be necessary to explain the 

comparatively greater depletion in both LREE and HREE in certain 

samples of basalts. 

The Canyon Mountain ophiolite was probably created as a result 

of short-lived magmatism representing incipient spreading in a 

marginal or back-arc basin. The keratophyres may represent 

volcanic rocks derived from an adjacent island arc; these may be 

correlative with arc volcanics of Lower Permian age in the Seven 

Devils terrane to the north, in which case the Central Melange 

terrane enclosing the Canyon Mountain complex is also exotic. 

These terranes, and possibly the Huntington Arc terrane as well, 

were created at a great distance from the North American continent 

and were accreted in the Late Jurassic based on structural, 

stratigraphic, and paleomagnetic data. 
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INTRODUCTION 

Ophiolites 

General Characteristics 

Ophiolites are distinctive assemblages of ultrabasic, basic, 

and silicic rocks. In a complete ophiolite (Penrose Field Conference, 

1972), the following rock types occur in apparent stratigraphic 
» 

order, from bottom to tops (1) an ultramafic unit, usually tectonite 

harzburgite, with minor Iherzolite and dunite, (2) basic rocks with 

tectonite or cumulate textures including massive or layered gabbros, 

pyroxenites, and diabases, (3) intrusive rocks ranging from basic 

'sheeted* dikes with little host rock, to irregular sill-like 

intrusions of more silicic rocks, typically diorites, quartz diorites, 

and trondhjemites, and (4) a constructional sequence of volcanic 

rocks, usually basic, and sometimes silicic, often with pillow lavas 

and minor pelagic sediments. Internal contacts between all of the 

above units may be faulted, sheared, intrusive, or gradational. 

As ophiolites are usually found as tectonic blocks in areas of 

structural complexity, they are often fragmented, and entire sections 

of the ophiolite may be missing. 

The geochemistry of ophiolites is unique in many ways. The 

basal peridotites have restricted ranges of whole-rock and mineral 

compositions. When compared with alpine peridotites, ophiolitic 

ultramafic rocks are higher in MgO, Ni, Cr, and Co, and lower in 

alkalies and lithophile trace elements, especially rare earth elements. 

Ultramafic and mafic cumulate rocks in ophiolites display wider 

ranges in composition and a somewhat subdued enrichment of iron relative 
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to Mg with differentiation* High-SiO^ and high-Na^O plutonic rocks 

commonly referred to as ’plagiogranites1 tColeman and Peterman, 

1975) often occur in the upper portions of the ophiolite sequence. 

These rocks, as well as those in the remainder of the ophiolite, are 

extremely low in K^O. 

Tectonic Setting 

The recent proliferation of plate tectonic theories has led to 

the recognition of the significance and widespread occurrence of 

ophiolites- The origin of ophiolites is steeped in controversy. 

The most popular view is that they were formed at mid-oceanic 

spreading ridges, and that the complexes now exposed on land 

represent fragments or sections of former oceanic crust (Thayer, 

1969? Moores and Vine, 1970? Church and Coish, 1976). Alternative 

tectonic sites of origin have been proposed, such as back-cure or 

marginal basin spreading centers (Ave Lallemant, 1976), the basal 

portions of island arcs (Miyashiro, 1973) , or at least an area of 

close proximity or intimate association with one or both of the above 

(Upadhyay and Neale, 1979).. One of the problems with assigning a 

mid-oceanic ridge origin to ophiolites is the presence and volume of 

high-SiO^/ low K^O plagiogranites. In comparing ophiolites, several 

petrologic and geochemical dissimilarities have arisen, and it would 

seem that not all ophiolites have originated in the same way. 

The idea that ophiolites represent sections of oceanic litho¬ 

sphere formed at a mid-oceanic spreading ridge is based on two lines 

of evidence: (1) lithologies similar to those found in ophiolites 

have been obtained in deep-sea dives, drilling, and dredging 
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operations, and (2) seismic refraction studies at sea have aided in 

defining the layering and structure of the oceanic lithosphere, 

which many workers consider to compare favorably with the general 

sequence observed in ophiolites. Through studies of the seismic 

velocities of rocks throughout various ophiolite sections, Salisbury 

and Christensen (1978) have shown that ophiolites display the same 

approximate seismic structure as oceanic lithosphere, but are not 

as thick and therefore may represent immature oceanic crust. In 

drawing any comparisons between oceanic crust and ophiolites, it is 

assumed that current processes involved in the creation of oceanic 

crust are the same as those in the past that may have produced 

ophiolites. In an example of circular reasoning, many workers have 

modelled the structure of present-day mid-oceanic ridges based on 

observations of ancient ophiolites now exposed on Isold. 

The time between the age of formation and age of emplacement of 

ophiolites is often not very great, indicating a relatively short 

transport distance, assuming reasonable spreading rates based on 

current measurements. It is reasonable to assume that layered, 

’oceanic-type1 crust may form in other environments, possibly at the 

onset of island arc development, or in a narrow marginal or back-arc 

basins. These ideas have been stated in recent challenges (Miyashiro, 

1973; Ave Lallemant, 1976; Salisbury and Christensen, 1978? 

Stern, 1979) to the theory that all or most ophiolites formed at 

raid-ocean ridges. 
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Fetrogenesis 

Geochemical data for ophiolitic rocks may be compared with 

available data on recent rocks from present-day tectonic environments 

in order to determine possible sites of origin, but it is also 

important to determine the relations between the various rock types 

and units within any ophiolite. To this end, several petrogenetic 

models for ophiolites have been proposed. Thayer (1967) proposed 

that the entire sequence of ultramafic to leucocratic rocks in an 

ophiolite could be derived by differentiation from a single peridotite 

magma. The metamorphic textures and low abundances of incompatible 

elements in the ultrabasic rocks of ophiolites have led some workers 

to suggest that the abundant harzburgite may be a refractory residue 

after an episode of partial melting (Menzies, 1976; Kay and 

Senechal, 1976). Cumulate features and cryptic variation often 

observed in the overlying mafic rocks have been interpreted as 

evidence of crystal fractionation. Deformational features seen in 

this unit indicate tectonic activity during magmatic sedimentation 

(George, 1978). Cumulate rocks in ophiolites may have formed in 

•open* or 'closed* magma chambers. Cyclic variations throughout some 

cumulate sequences afford evidence of a relatively long-lived, 

periodically replenished magma chamber (Hopson and Pallister, 1979). 

Fractionation trends for the cumulate rocks, basic dikes and overlying 

pillow lavas may be complementary, suggesting a repeated tapping of 

the ophiolite magma chamber during cooling and crystallization 

(Church and Riccio, 1977). 

Studies of the structure, petrology, and geochemistry of rocks 

within ophiolites and subsequent attempts to relate the rocks by 
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various petrogenetic models have encountered difficulties in 

explaining the origin of plagiogranites and silicic volcanic rocks 

that cire found in many ophiolites. Plagiogranite intrusives are 

usually found in the upper portion of the ophiolite cumulate section. 

One problem that has arisen in comparing ophiolites to oceanic crust 

is the very low number of silicic rocks recovered in deep-sea 

dredging. If these represent a reliable sampling, then the proportion 

of silicic rocks found within the oceans is much less than that seen 

in most ophiolites. Christensen (1977) determined the seismic 

velocities of the available dredged samples of oceanic plagiogranite, 

and concluded from their low velocities that if these rocks are 

present in any significant volume, a low density/low velocity zone 

should be present in the oceanic crust. However, marine seismic 

studies have not shown this. 

The plagiogranites may be differentiates related to the cumulate 

rocks or may be entirely unrelated to the remainder of the ophiolite, 

having formed by a different process in a different tectonic setting, 

as in the polygenetic 'multi-magma* theory of Thayer (1977). The 

significance of plagiogrsmites and trondhj.emites in ophiolites and 

island arcs is beginning to be realized in a few recent studies 

CBrown and Bradshaw, 1975; Ishizaka and Yanagi, 1975; Brown et al, 

1979; Malpas, 1979; Payne and Strong, 1979; Phelps, 1979), but to 

date, more attention, has focussed on Precambrian plagiogranite 

occurrences (Barker et al, 1976; Barker and Arth, 1976; Artk et al, 

1978) It is with this in mind that the present study was undertaken 

of a portion of the ophiolite complex exposed at Canyon Mountain, 

Oregon. 
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Ophiolitic Rocks in Eastern Oregon 

Regional Geology and Tectonics 

Ophiolitic rocks and a few relatively intact ophiolite 

complexes occur in a northeast trending belt of Pre-Cretaceous rocks 

of the Blue Mountains region in eastern Oregon and adjacent areas 

in Idaho, Several papers have recently reviewed the geology and 

postulated the plate-tectonic history of the region (Vallier et al, 

1977; Brooks and Vallier, 1978; Dickinson and Thayer, 1978; 

Dickinson, 1979). 

The Pre-Cretaceous rocks have been divided by Dickinson (1979) 

into four distinct terranes (See Figure 1): (1) the Seven Devils 

terrane consisting of keratophyre, spilite, and other volcanic and 

volcaniclastic rocks of Permian and Middle to Upper Triassic age 

overlain by Upper Triassic and Middle to Upper Jurassic limestones 

and sediments, (2) the Huntington Arc terrane, similar to the Seven 

Devils terrane but lacking Upper Triassic limestones and overlain 

unconformably by Jurassic sediments, (3) the Mesozoic clastic terrane 

at the southwestern portion of the Blue Mountains which consists 

of Upper Triassic to Upper Jurassic sediments unconformably overlying 

the rocks of (4) the Central Melange terrane, comprised of Permian 

eugeosynclinal sediments, volcanic rocks, and ophiolitic rocks. 

Rocks of the Central Melange terrane have been interpreted to 

represent dismembered oceanic crust (Vallier et al, 1977; Brooks and 

Vallier, 1978; Dickinson and Thayer, 1978). The terrane is 

characterized by tectonic blocks often contained in serpentinite 

melange. A wide variety of rock types are included as knockers; 

some sediments are as old as Devonian, while some contain an 
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exotic Tethyan fossil fauna CJones et al, 1977). Included rock types 

may represent a Late Paleozoic clastic shelf and volcanic arc, which 

were deformed and chaotically mixed with oceanic crust prior to Late 

Triassic arc volcanism CDickinson and Vigrass, 1976; Vallier et al, 

1977; Brooks, 1979). 

Orogenic activity occurred again in the Late Triassic and was 

followed by Late Triassic to Late Jurassic deposition, represented 

by sediments of the Mesozoic clastic terrane (.Vallier, 1977; 

Dickinson, 1979). Yet another episode of orogenic activity followed 

in Late Jurassic and Early Cretaceous time, expressed mainly by the 

intrusion of granitic plutons. 

Due to scattered exposures of Pre-Cretaceous rocks in* the 

Blue Mountains, and chaotic mixing of rocks, the position of former 

Paleozoic and Mesozoic island arcs, as well as the location and 

polarity of subduction zones, remains uncertain. Exotic fossil 

fauna and evidence of at least two major orogenic events afford 

evidence of possibly extensive transport and juxtaposition of 

terranes. Accretion of the terranes of the Blue Mountains region 

may have occurred in the Late Jurassic CDickinson and Thayer, 1978; 

Dickinson, 1979; Ave Lallemant et al, in press), or in the Early 

Cretaceous CJones et al, 1977; Davis et al, 1978). 

Ophiolite at Canyon Mountain: Previous Work 

The ophiolite complex at Canyon Mountain forms the western 

portion of the Strawberry Range in the southwestern Blue 

Mountains near the towns of John Day and Canyon City, Oregon 

CSee Figure 1). Access to the northern and western edges of the 
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Range is by U.S. 26 and U.S. 395, Logging roads, mine roads, and 

wilderness trails provided further access to the areas of interest. 

The terrain is rugged, consisting of ridges with intervening streams 

occupying former glacial valleys, with a maximum relief of 1350 m. 

Vegetation and soil cover are variable, but exposures are fair to 

excellent on the south slopes of the range. 

The Canyon Mountain complex is located in the John Day 15' 

quadrangle. It was first mapped at a scale of 1:62,500 by Thayer 

(1956). The regional geology of the area was summarized in a later 

smaller-scale map of the Canyon City 2° sheet (Brown and Thayer, 

1966), which includes the John Day quadrangle. More detailed 

(1:62,500) geologic mapping and an aeromagnetic survey were carried 

out by Thayer et al (1977) . Himmelberg and Loney (in press) 

recently conducted a study of the ultramafic and mafic portions of 

the complex which they mapped on a scale of 1:24,000. 

Petrologic studies of the Canyon Mountain ophiolite complex 

include work by Thayer and Himmelberg (.1968), Thayer (1973, 1977):, 

Ave Lallemant (1976), Dungan and Ave Lallemant (1977), and Himmelberg 

and Loney (in press), with the latter two studies emphasizing field 

relations and structural petrology. Lanphere (1973) performed 

Sr-isotopic analyses of selected samples of ultramafic rocks and 

plagiogranites from the complex. 

Geology of the Canyon Mountain Ophiolite: An Overview 

The Canyon Mountain complex was first described as an 

alpine-type ultramafic complex (Thayer and Himmelberg, 1968), and 

later as an ophiolite (Thayer, 1973; Ave Lallemant, 1976). The 

complex is roughly 18 km long by 8-12 km wide. The western boundary 
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is a high-angle fault against serpentinite melange forming part of 

the Aldrich Mountains to the west. The complex is bounded on the 

north and east by faults against a thick pile of Tertiary volcanics 

constituting the bulk of Strawberry Mountain to the east. The 

southern edge is covered by Tertiary volcanics of the Clarno 

Formation dipping gently to the south. 

As seen on a map of the entire complex (See Figure 2, in 

pocket) modified after Thayer (1977), the rock units strike 

east-west, with the ultramafics in the north so that one proceeds 

up-section in a southward direction. The attitude of most contacts 

is subvertical. The northernmost portion of the ultramafic unit is 

bounded by the John Day Fault and consists of a serpentinite 

melange with blocks of limestone, chert, and amphibolite. 

Triassic radiolarians in a chert in the melange (Jones et al, 1977) 

constrain the maximum age of emplacement, as the melange may have 

formed in the Late Triassic. Similar serpentinite melange in the 

Aldrich Mountains immediately to the west is unconformably overlain by 

breccia of the Late Triassic Fields Formation, which features clasts 

of serpentinite, altered gabbro, and plagiogranite (Thayer, 1977; 

Vallier et al, 1977). The bulk of the ultramafic unit of the Canyon 

Mountain ophiolite consists of harzburgite (olivine, enstatite, 

and minor diopside) with minor dunite and pyroxenite; it displays 

a strong tectonite fabric (Ave Lallemant, 1976). 

Penetrative deformation is also observed in the overlying 

'metacumulate1 rocks which range from dunite to gabbro (Ave Lallemant, 

1976; Himmelberg and Loney, in press) ; the contact of this sequence 

with the basal ultramafic tectonite unit is not well established. 
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The metacumulates appear to grade upward into less deformed 

gabbroic cumulates with occasional lenses of cumulate pyroxenite. 

The extensive band of plagiogranite intrusives separates gabbro from 

the basalts, keratophyres, and minor plagiogranites of what has been 

referred to as the 'sheeted dike unit1 (Thayer, 1956, 1973, 1977). 

The sequence of rocks observed at Canyon Mountain confirms its 

designation as an ophiolite complex (Penrose Field Conference, 

1972) . 

Several distinct and problematical characteristics of the Canyon 

Mountain ophiolite set it apart from many other ophiolites. Closely 

spaced, 'sheeted' dikes of basalt, roughly normal to the layering 

of the cumulates in an 'ideal* ophiolite, are absent at Canyon 

Mountain. These sheeted dikes normally grade upward into a 

sequence of pillow basalts sometimes interlayered with pelagic 

sediments; no pillow basalts or sediments are observed at Canyon 

Mountain (Thayer, 1977; Gerlach et al, 1979). In many ophiolites, 

plagiogranite intrusives occur in the upper portion of the cumulate 

sequence. This is true also in the Canyon Mountain ophiolite, 

however, as mentioned previously, the apparently significant volume 

of the plagiogranites may pose problems, as may the silicic volcanic 

or subvolcanic rocks present in the southernmost portion of the 

complex. A crude stratigraphic column of the rock units of the 

Canyon Mountain complex is displayed in Figure 3, with 

estimated thicknesses of the units, and is compared to those 

observed in other ophiolites. 

The succession of rock units at Canyon Mountain depicted in 

the column, in Figure 3 should not be taken as representing relative 



FIGURE 3. A comparison of the stratigraphy of the upper 

portions of several ophiolites. Data for Point Sal 

from Hopson and Frano (1977), the Trinity ophiolite 

(Lindsley-Griffin, 1977), the Del Puerto ophiolite 

(Evarts, 1977), the Fidalgo ophiolite (Brown et al., 

1977), the Semail ophiolite (Glennie et al., 1974), 

the Troodos ophiolite (Christensen and 

Salisbury, 1978; George, 1978), the Karm0y ophiolite 

(Sturt et al., 1979), the Bay of Islands ophiolite 

(Christensen and Salisbury, 1978), and ophiolite 

at Papua, New Guinea (Davies, 1971). 
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ages of the units. Pegmatitic intrusions in gabbro are believed to 

be related to the emplacement of plagiogranites, and hornblendes 

40 39 
from these intrusions have yielded K/Ar and Ar/ Ar radiometric 

age dates of 250-262 mybp (Ave Lallemant, unpub. data; M.A. Lanphere, 

cited in Ave Lallemant, 1976, and in Thayer, 1977). K/Ar ages 

ranging from 186-234 mybp have also been determined for amphibolitic 

blocks in the melange, amphibolitized basalt cutting gabbro, and 

quartz diorite (M.A. Lanphere, cited in Thayer, 1977). Thus, the 

ultramafic and gabbroic rocks at Canyon Mountain are Early Permian or 

older, the plagiogranites were intruded prior to Middle Triassic 

time, and the entire complex, with other rocks, was included in 

melange possibly produced by deformation accompanying tectonic 

emplacement. The Canyon Mountain complex and the melange were 

then exposed to submarine erosion by Late Triassic time. 

Purpose of Study 

To date, the portion of the Canyon Mountain ophiolite 

consisting of plagiogranites and mafic to silicic volcanic and 

intrusive rocks has not been studied in any great detail. The 

distribution and adequate characterization of these rocks is crucial 

to our understanding of the remainder of the Canyon Mountain complex 

and its role in the Permian to Triassic plate-tectonic history of the 

region. This paper presents the results of a study of the field relations, 

petrology, and geochemistry of selected mafic rocks, plagiogranites, 

and related silicic intrusive and subvolcanic rocks of the Canyon 

Mountain ophiolite. The data will be utilized to ascertain the relation 

of these rocks to the rest of the complex and to suggest a model for 

the petrogenesis of the Canyon Mountain ophiolite. 
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PETROLOGY 

Classification Schemes Used 

The classification scheme for leucocratic rocks used in this 

paper conforms to the I.U.G.S. classification for plutonic rocks 

(Streckeisen, 1975). The feldspar fraction of plagiogranites 

described in this study is entirely plagioclase, in accord with the 

definition set forth by Coleman and Peterman (1975) . Specific 

rock types within the plagiogranite suite are diorites (0-5% quartz), 

quartz diorites (5-20%), and tonalites/trondhjemites (20-60%). 

Trondhjemite contains fewer mafic minerals them tonalité, which may 

contain 10-40% mafic minerals. Albite granite is a term used by 

earlier workers to describe high-Na20 rocks that were considered 

metasomatic in origin (Gilluly, 1933). However, in a study of 

the Sparta ophiolite complex east of Baker, Oregon, Phelps (1979) 

refutes a metasomatic origin and he refers to these rocks as 

trondhj.emites, as will be done in this study. 

The rock names spilite, keratophyre, and quartz keratophyre 

are surrounded by some confusion, partly due to the fact that 

genetic connotations are often attached to these terms. It is 

beyond the scope of this study to decisively demonstrate a primary 

origin for spilites and keratophyres as proposed by some authors 

(Donnelly, 1963? Schermerhorn, 1973), or a secondary, metasomatic 

origin suggested by others (Battey, 1955? Hughes, 1973). The 

nongenetic use of the terms quartz keratophyre and keratophyre will 

be followed in this paper and will refer to fine-grained rocks 

with or without free quartz present in the groundmass or as 

phenocrysts, respectively (.Schermerhorn, 1973) . 
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Finally, in discussing basic rocks, the term basalt will be 

used to refer to fine-grained varieties occurring as intrusives or 

possible flows. The tern diabase will be broadly applied to more 

coarse-grained intrusive mafic rocks displaying ophitic to subophitic 

textures, although massive gabbros may be included under this 

name. More detailed descriptions and distinctions are given in 

Appendix 2. 

Field Relations 

A major objective of this study is to arrive at an estimate of 

the distribution and approximate volumes of the silicic rocks, and 

to determine their contact relations. Mapping on a scale 

of 1:12,000 was carried out in the southwestern part of the 

ophiolite complex (See Figure 2) where plagiogranites predominate, 

and where the greatest stratigraphic thickness of the mafic and 

silicic volcanic or subvolcanic rocks is exposed. The total 

thickness of this 'sheeted dike unit' (Thayer, 1977) is unknown, 

due to the younger volcanic cover on the southern edge. 

Although of greatly varying widths, all intrusive bodies and 

possible flows consistently strike east-west and dip steeply. 

This trend is approximately parallel to structures such as layering 

in the gabbroic and ultramafic rocks, although the structure in the 

latter is often extremely complex. The trends and distribution 

of rocks in the study area are shown on the map (Figure 4, in pocket) . 

It is suggested that the plagiogranites and mafic intrusives cure a 

sill complex as has been observed in other ophiolites (Hopson and 

Frano, 1977 ; Lindsley-Griffin, 1977; Evarts, 1977). The 
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sill-like intrusive bodies vary in width from a few centimeters to 

several tens of meters, and may be closely spaced (Figure 5) 

with a ’sheeted* appearance. 

The gabbro displays fair to excellent cumulate layering 

(See Figure 6) for a distance as much as ^ km south of Canyon 

Mountain. Massive textures are the rule proceeding southward towards 

the contact with the intrusive plagiogranite. Shearing and extensive 

alteration possibly accompanying the intrusion of the plagiogranite 

have obscured the gabbro-plagiogranite contact. In a few areas, 

this contact may be sharp, as in Figure 7. In most cases, no 

chilled margins were observed in intrusive plagiogranites. 

In general, more mafic types of plagiogranites preceded more 

silicic members such as trondhjemite. Due to the lack of chilled 

margins, the best evidence of relative ages within the plagiogranite 

suite was obtained from intrusion breccias (Figure 8) . A summary of 

relative ages of rocks in this study is given in Figure 9. Coarse, 

recrystallized reaction rims around xenoliths in intrusion breccias 

were more common than chilled margins and provided evidence of 

intrusive relationships. Xenoliths of diabase, basalt, and diorite 

in various stages of resorption are common throughout the quartz 

diorite and trondhjemite. 

Throughout the large area of plagiogranite as mapped, there is 

no orderly stratigraphic succession of mafic to more silicic 

members southward. Various lithologies are found in random intrusive 

bodies seldom traceable for more than one or two hundred meters. 

Local intrusive relations within a single outcrop are often 

complex. Compound ’screens' of one rock intruding another may be 
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. Complex outcrop of 'sheeted' sills of quartz 
diorite and basalt. View eastward of ridge 
crest immediately east of Tamarack Creek. 

FIGURE 5 
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FIGURE 6. Banded gabbro cumulate near summit of 
Canyon Mountain (small dog for scale). 
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FIGURE 7 Contact between quartz diorite on the right 
and hornblende gabbro on the left, with 
basalt intruded along the contact. 
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FIGURE 8. Intrusion breccia typical of those found 
within the main body of plagiogranites. 
Clasts of altered diabase (dark grey) and 
coarse hornblende diorite are contained 
in finer-grained, less hornblende-rich 
diorite. Note the coarse, recrystallized 
reaction rims and partial assimilation of the 
altered diabase clasts. 
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Decreasing Relative Age ► 

Gabbro   

Hornblende Diorite   

Quartz Diorite   

Trondhjemite   

Diabase & Basalt  

Keratophyre     

FIGURE 9. Diagram of relative ages based on observed intrusive 
relationships. Diabase and basalt are found intruding 
all rocks of the complex, and predate many others. 
The more mafic varieties of plagiogranite appear to 
predate more silicic types. Although relations between 
the gabbro and the keratophyres are not directly 
observed due to their spatial separation in the field, 
the keratophyres are believed to be at least as old 

as the hornblende diorite. 
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entirely enveloped by a later intrusion* Infrequent screens of 

gabbroic rocks were seen in the plagiogranite, and were occasionally 

of mappable size, but were altered to such a degree as to be 

nearly indistinguishable from hornblende-rich diorites. 

The plagiogranites are volumetrically insignificant south of 

the large east-west trending sill swarm separating the gabbro from 

the keratophyre section. Only one plagiogranite stock has been found 

in the gabbro. This body, about 1 kra northwest of Canyon Mountain, 

consists of diorite and not trondhjemite or quartz diorite as 

mapped by Thayer (1956, 1977) and Thayer and Himmelberg (1968). Both 

the gabbro and the diorite are crosscut by diabase dikes. Another 

small plug-like silicic intrusive body mapped by earlier workers 

southwest of Canyon Mountain was never located? however, a small 

area of altered gabbro with a leucocratic appearance may correspond 

to this area of 'qdi* as mapped by Thayer (1977) . 

Keratophyres and quartz keratophyres, with a few minor 

spilites, are abundant south of the large plagiogranite swarm. 

Also east-west trending with high-angle dips, individual beds 

or flows are difficult to distinguish. However, a crude bedding 

or layering in the keratophyres indicates that this portion of the 

ophiolite may be a volcanic sequence. In a few cases, 

distinctive flow-banded keratophyres, often with quartz phenocrysts, 

occurred as small t<l m in width) intrusions in plagiogranite 

(See Figure 10) . With the exception of these, the bulk of the 

keratophyres is intruded by all other rock types and the 

keratophyres appear to predate the plagiogranite. As illustrated 

in Figure 9, basaltic and diabasic intrusives intrude both 
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FIGURE 10 Flow-banded keratophyre on the left 
intruding diorite on the right 
(hammer for scale) . 
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plagiogranites and keratophyres. The widths and sizes of these 

intrusions vary greatly? they may occur as small (but mappable) 

single intrusions or swarms (See Figure 5) , or as large swarms of 

great areal extent as shown on the map (See Figure 4) * Some of the 

basic rocks are very altered and may be referred to as greenstones. 

No pillowed basalts were found, but a few outcrops of basalt and 

greenstone featured vesicles and relict amygdules. Contact relations 

in these outcrops are obscure, but these basalts and greenstones may 

be screens of extrusive rocks. 

Petrography 

In this section, general descriptions of all rock types are 

presented. More detailed descriptions of analyzed samples are 

presented in Appendix 2. 

Mafic rocks 

Only a few gabbro samples were analyzed and all save one displayed 

massive textures. The single layered gabbro, a troctolite, was 

collected near the peak of Canyon Mountain where excellent exposures 

of fresh, layered rocks prevail. The remainder of the basic 

rocks analyzed in this study include diabases, basalts, and 

basaltic andesites. 

The diabases generally consist of diopsidic to subcalcic 

augite, and plagioclase, with minor magnetite or ilmenite. 

They display subophitic texture, with plagioclase laths partly 

enclosed in clinopyroxene (See Figure 111 * A few coarse-grained 

varieties possess an almost hypidiomorphic-granular texture. 

Plagioclase is altered, and the appearance ranges from slightly 
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FIGURE 11. a) Photomicrograph of diabase with subophitic texture 
(crossed niçois, field of view 3.4 x 2.3 mm). 

b) Same view, in plane polarized light. Note 
the chlorite interstitial to plagioclase. 
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cloudy in fresher samples, to opaque with, transparent rims of 

albite in more altered samples. Unaltered pyroxenes may be found 

in most samples, either intact or as relict cores surrounded 

by chlorite. Phenocrysts are plagioclase, and less commonly 

clinopyroxene. Chlorite is present as an alteration product in 

most samples. Green chlorite, often accompanied by euhedral 

magnetite, is common in more altered samples, while a blue-green 

chlorite variety, possibly penninite, is found replacing what 

may have been interstitial glass in fresher diabases (See Figure 11). 

Altered plagioclase may occasionally contain small patches of 

epidote. 

Basalts are generally finer grained, displaying intergranular 

to intersertal textures, and consist of plagioclase, pyroxene, and 

minor opaque minerals. Basaltic andesites, vesicular in outcrop 

and hand-specimen, feature a groundmass of microlites of plagioclase 

and oxides, with phenocrysts of elongate plagioclase (See 

Figure 12). Some of these 'vesicles' filled with secondary chlorite 

are circular and may have been phenocrysts of olivine. Secondary 

minerals in the basalts and basaltic andesites include green 

chlorite, iron oxides, and minor epidote. Calcite occurs in 

relict amygdules in amygdaloidal greenstones and as a vein filling 

in samples of basaltic andesite. Zeolitization followed by low- 

temperature greenschist facies alteration is suggested by concentric 

void fillings in basaltic andesite. These consist of fibrous 

zeolite and quartz as an outermost and presumably earliest 'band', and 

a core of one or more 'bands' of later chlorite (See Figure 12). 
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FIGURE 12. Photomicrograph of basaltic andesite. 
Subspherical voids filled with an outermost band 
of quartz and zeolite, with a core of chlorite, 
may have been vesicles, or phenocrysts of 
olivine (crossed niçois, field of view 8.4 x 5.6 mm). 
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Plagiogranites 

The silicic rocks referred to as plagiogranites all consist 

of plagioclase, quartz, hornblende, minor biotite and opaque 

minerals, and trace amounts of zircon. Textures observed include 

hypidiomorphic granular, granophyric, or porphyritic. Plagioclase 

is subhedral to euhedral, often cloudy, and in tonalités and 

trondhjemites may display oscillatory zoning (See Figure 13). 

Quartz is always interstitial to plagioclase, displays little 

deformation, and in the more silicic trondhjemites, may form a 

matrix in which euhedral plagioclase is suspended. Green hornblende 

is by far the most abundant mafic mineral, varying from less than 

10% in trondhjemite to approximately 50% in some diorites. 

Hornblende habit varies from an interstitial, ragged appearance 

in altered diorites, to euhedral forms in other diorites 

(See Figure 14). In one especially hornblende-rich diorite 

poikilitic hornblende contains inclusions of clinopyroxene. In 

outcrop, hornblende in an intrusive quartz diorite was seen 

to mantle quartz xenocrysts near a contact typically lacking a chilled 

margin. 

The trondhj-emites display several distinct characteristics. 

Porphyritic textures are common, with phenocrysts of zoned 

plagioclase in a quartz-rich groundmass characterized by hypidiomorphic 

granular texture, or sometimes a granophyric texture with small 

laths of plagioclase enclosed in quartz in poikilitic intergrowth 

tSee Figure 13) . Biotite occurs in small amounts as subhedral 

to interstitial masses usually partly altered to green pleochroic 

chlorite and iron oxides. Small stubby, euhedral crystals of zircon 
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FIGURE 13. a) Photomicrograph of porphyritic trondhjemite with 
zoned plagioclase phenocrysts (crossed niçois, 
field of view 8.4 x 5.6 mm). 

b) Same sample as above, displaying "poikilitic1 

quartz in groundmass and rare grains of biotite 
(crossed niçois, field of view 3.4 x 2.3 mm). 
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FIGURE 14. Photomicrograph of altered hornblende diorite, 
displaying fresh subhedral to euhedral hornblende 
(plane light, field of view 8.4 x 5.6 mm). 



31 

were observed in a few samples. 

Keratophyres 

Keratophyres are commonly porphyritic, with varying 

amounts and types of phenocrysts set in a fine-grained felted, 

spherulitic, or trachytic groundmass composed of plagioclase, 

quartz, and minor epidote. Phenocrysts are quartz and/or sodic 

plagioclase, or both. Plagioclase phenocrysts are euhedral and 

sometimes clustered. Quartz is commonly blocky, euhedral, and 

undeformed, though often partly resorbed (See Figure 15), and has 

been described as a high temperature polymorph (Thayer, 1977) . 

In some samples, especially those intrusive into the plagiogranites, 

flow banding is expressed by alignment of plagioclase microlites 

(See Figure 16). Possible relict reaction rims are evident around 

quartz phenocrysts in many samples. One sample possesses a trachytic 

texture with abundant epidote; lacking quartz, this sample (OC216) 

may be a spilite. 
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FIGURE 15. Photomicrograph of porphyritic quartz keratophyre 
with phenocrysts of plagioclase and partly resorbed 
quartz in a fine-grained groundmass of albite, 
quartz, and chlorite (crossed niçois, field of 
view 8.4 x 5.6 mm). 
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FIGURE 16. a) Photomicrograph of porphyritic quartz keratophyre 
showing crude flow-banding defined by mafic 
segregations (crossed niçois, field of view 
8.4 x 5.6 mm). 

b) Same as above, showing alignment of plagioclase 
microlites around phenocrysts (plane polarized 
light, field of view 3.4 x 2.3 mm). 
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GEOCHEMISTRY 

Whole-Rock Chemistry 

Major Elements 

Major-element compositions of 31 samples were determined by 

electron microprobe analysis of fused glass beads, after the method 

of Brown C.1977) . Sample preparation and analytical procedures 

are given in Appendix 1. Sample localities are plotted in 

Figure 2, and on the map (Figure 4). Total Fe was determined as 

FeO in all samples. 

Samples analyzed for major elements include a layered 

troctolite, 3 massive gabbros, 7 diabases, 4 basalts, 2 basaltic 

andesites, 3 diorites, 2 tonalités, 3 trondhjemites, and 

6 keratophyres. Representative analyses are given in Table 1, 

and a complete listing is presented in Appendix 3. Results of the 

analyses are shown on SiO^ variation diagrams in Figures 17 and 18. 

The K^O content in all rocks is notably low, as seen in rocks 

from other ophiolites. Regarding the entire suite of samples, 

it may be seen that there is little variation in Al^O^f K^O, 

MnO with. SiO^ content, but Na^O contents increase, and CaO, 

TiO^, MgO, and FeO contents consistently decrease with increasing 

SiO^ content (.See Figs. 17 and 18) . Keratophyres contain greater 

than 70% SiO^/ an average of 12% Al^O^, and generally low abundances 

of most other major elements. The trondhjemites overlap with the 

keratophyres on the SiO^ variation diagram. The gap between 62% 

and 67% SiO^ may be due to incomplete sampling, but it serves to 

separate the higher Si tonalités and trondhjemites from quartz 

diorites and hornblende diorites. Gabbros, diabases, basalts 



R
e
p
r
e
s
e
n
t
a
t
i
v
e
 
m
a
j
o
r
-
e
l
e
m
e
n
t
 
c
o
m
p
o
s
i
t
i
o
n
s
 

o
f
 
s
e
l
e
c
t
e
d
 
s
a
m
p
l
e
s
 
f
r
o
m
 
t
h
e
 
C
a
n
y
o
n
 
M
o
u
n
t
a
i
n
 
C
o
m
p
l
e
x
 

35 

03 
U 

JC 00 CN CN CN p^ (Tv O O 
A ro rH rH r- CO in in 0 O rH rH 
0 O' 
4J CN V0 CN ro lO d 
(d O rH 0 
M O 
O 

0) 
■P 
•H 
€ 
0) rH 

rH 

lO rH 0 in rH 00 P> 00 
■O Ol (Tv ro in ro lO 10 (TV O r* 
rC rH • 

T3 0 PH in ro ro ro av 
S £ r- rH (Tv 
0 O 
P 
+J 

03 
4J r* 0 iO <d* 00 rH 0 00 p* 
•H H 
M ro 

(Tv (Tv CN 00 CN r*> rH co 

0 W (T> r* d d 00 
•H O m rH av 
'O 

O 0) 
*H 4-> < 
■P *H 00 0 00 CN l£> in <Tv ro ro 
H 01 H 00 ro CN ro VO rH «3* 00 rH av 
(0 03 O • • 
ca ^ s p^ rH in 00 in m in av 
id c u 

,Q id 
in rH av 

4-> (Tv CN ro 0 (Tv p* 
rH CN 0 ro (Tv O <3* CN rH rH 
id m • • 
w 0 ro rH m O P** p* O 
id S in H rH O 

Æ U rH 

0) 
CD v£> ro CN ro ro CN ffv CN 
(d v£> CN ro rH m ro rH rH r-« 
ia H « ■ 
id 0 CN rH d O p- a> ro av 
*H s 
to a 

in H rH av 

0 < 
•H O 00 O CN rH m 
W P IN 00 rH CN r* rH p* CN CN in 
td û H ■ « • • • « • • * • 

43 £ O 0 rH in O r* O <N 00 
aj (d S 

OIU 
m H rH rH av 

H3 

ro rH 
CN CN O 0 (d 

O O CN O O O CN O O 4J 
-H rH 03 av (d (d CN 0 
CQ < fa X u z 2Ü -p 



FIGURE 17. Major-element SiO^ variation diagram for rocks of the 

Canyon Mountain ophiolite complex (gabbros B ; 

diabases B ; basalts, spilites, and basaltic 

andesites Q ' plagiogranites A. ; 

keratophyres & 7 larger symbols are where two or 

more plots of the same rock type coincide). 



20 

10- 

10 

0 

10 

36 

AI2O3 

A A A 

A 

T 1 r 

A 

T 

■ Oo 
o AO 

A A 
A 

FeO 

50 
~i 1 1— 

60 70 
Si02 

80 



2 

0 

1 

0 

2 

0 

10 

0 

6 

0 

18 

37 

TÎCX 

▲ ▲ ^ 
A & A 

T r I I I 

MnO 
▲ A A 

“* 1 1 r 

*2° 
■ A ^ ^ /A A 

I  1 " 

V 
CaO 

O o AA 
o 

O 
▲ A 

A 
T i I  I r 

Na20 

IF 

,°o° 
■ # 

4^A A A A 
A A 

”80 

—i 1 1 1 1— 

50 60 70 
SiOo 

Major-element SiO^ variation diagram for rocks of the 

Canyon Mountain ophiolite complex. Symbols are 
as in Figure 17. 



38 

basaltic andesites, and diorit&s all oyerlap and display orderly 

successive increases in SiO^ content. The single cumulate troctolite 

COC277J. is distinct due to its mineralogy. 

Trace Elements 

The 31 samples were also analyzed for trace element 

concentrations. Sodium, Fe, Co, Cr, Sc, Hf, Th, Ta, La, Ce, Nd, 

Sm, Eu, Tb, Yb, and Lu contents were determined by instrumental 

neutron activation analysis CINAAJ at the Radiation Center of 

Oregon State University, and at the NASA Johnson Space Center 

following the methods of Korotev (.1976) . Results are tabulated 

in Appendix 4. 

Many trace elements, including the rare earth elements (REE) , 

are thought to be unaffected by processes of alteration as 

discussed in the next section. Empirical and experimental studies 

of the distribution and partitioning of the REE have led to their 

usefulness in investigations of the petrogenesis of igneous rocks, 

even altered samples. The rare earths sure a group of 15 elements 

ranging from La (atomic no. 57). to Lu (71) all possessing an 

identical configuration of the outer electron shells. An increase 

from La to Lu in the number of neutrons relative to protons in the 

nucleus causes a progressive decrease in ionic radius. This 

factor affects the distribution of the REE, but aside from this 

property, the REE all exhibit similar behaviour and all are 

trivalent. Divalent Eu is stable at low oxygen fugacities and high 

temperatures (Drake, 1975Ï. Trivalent Ce may be oxidized to 

4+ 
Ce , which is apparently more mobile during alteration processes. 

Since the REE substitute for major elements in mineral 
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structures, their partitioning is predicted by coefficients 

representing their distribution between mineral solids and liquid 

phases. For example, the heavy REE CHREEi, Gd to Lu, may 

2+ 
substitite for Ca Ce.g. in clinopyroxene, amphibole, and 

plagioclase), and since the light REE CLREE), La to Sm, possess 

larger radii, they are relatively excluded from the Ca structural 

sites and tend to be enriched relative to HREE in residual liquids 

after crystallization and removal of Ca-bearing minerals. The 

2+ 2+ 
radii of Mg and Fe are much, smaller than those of all the 

REE, and both. LREE and HREE increase in residual liquids with 

crystallization of Mg* and Fe-bearing minerals. 

For graphical representations and comparison of analyzed 

samples, it is common to plot REE concentrations vs. increasing 

atomic number. REE concentrations in chondritic meteorites are 

thought to be similar to those in the Earth*s primitive mantle. 

Abundances of REE in analyzed samples commonly are divided by 

corresponding values from chondrites, resulting in smoothed 

graphical patterns that illustrate enrichment of REE relative to 

chondrites that simplify comparison of various rock samples. 

The REE concentrations of samples in this study were normalized 

using 1.2X the abundances in the Leedey chondrite (c.f. Masuda, 

et al., 1973; Sun and Hanson, 19751, and are plotted against 

increasing atomic number in Figures 19 through 23. Lanthanum, 

Ce, Nd, Sm, Eu, Tb, Yb, and Lu normalized abundances are 

presented. The Gd content is difficult to measure by INAA, and 

is interpolated between Sm and Tb for each sample. 

The REE patterns for all the rocks analyzed, with the 



FIGURE 19• Rare earth element tREEl patterns normalized to 

chondrites (Leedey) for rocks of the Canyon Mountain 

complex Ctroctolite OC277 □ ? altered gabbro 

CMG43C ■ ; diabasic gabbro CMG 49 O ; diabasic 

gabbro CMG124A • ; diabase CMG 162 + ; diabase 

CMG166 O Î • 



R
o
ck

 /
C

h
o
n
d
ri

te
 

40 



R
o
c
k
 /

 C
h

o
n

d
ri

te
 

41 

FIGURE 20. REE patterns normalized to chondrites (Leedey) for 

diabases of the Canyon Mountain ophiolite complex 

(CMG207 • ; CMG211 O ; lower half: OC244 □ ; 

OC259 • ; OC 256 O ) . 
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FIGURE 21. REE patterns normalized to chondrites (Leedey) for 

basalts of the Canyon Mountain ophiolite comples 

(basalts: CMG 32 O , CMG 81 Q ; 

spilites: CMG227 , OC216 0 

basaltic andesites: CMG18A A , CMG146B A )• 



FIGURE 22. REE patterns normalized to chondrites (Leedey) 

for plagiogranites of the Canyon Mountain 

ophiolite complex t trondhjemites: 0C114 ^ , 

CMG191 O > CMG55A O? tonalités: CMG137 V# 

CMG2 JL ; hornblende diorites: 0C314 fl, CMG190B O' 

altered diorite CMG17 4C Q ). 
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FIGURE 23. REE patterns normalized to chondrites (Leedey) for 

keratophyres and quartz keratophyres of the Canyon 

Mountain ophiolite complex (CMG15 <$ , CMG157A ^ , 

OC224 O / OC214 Q r OC241 □ , OC243 fl ) . 
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exception of one sample, are consistently LREE-depleted. Ratios 

of the chondrite-normalized abundance of La relative to Sm (La/Sm) 

reflect the degree of LREE depletion, and except for a value of 1.67 

for altered diorite CMG174C, the other samples possess La/Sm ratios 

of .20 to .88, reflecting a relatively narrow range and low degree 

of LREE enrichment. Plagiogranites have the highest La/Sm ratios. 

Both plagiogranites and keratophyres display pronounced negative 

Eu anomalies usually interpreted as Being caused by depletion 

of this element by fractional crystallization of plagioclase. The 

preferred inclusion of Eu in plagioclase is evident in the large 

positive Eu anomaly observed in the REE pattern of the troctolite 

(.See Figure 19).. The magnitude of the. negative- Eu anomaly increases 

with total REE within the plagiogranites, but this is not apparent 

in the keratophyres CSee Figures 22 and 23).. Small positive Eu 

anomalies in the basalts and basaltic andesites (See Figure 21) 

may be due to included plagioclase phenocrysts, or more likely, may 

result from partial fusion of clinopyroxene-rich source material 

tc.f. Leeman, 1976). 

Normalized REE abundances for plagiogranites, basalts, diabases, 

and gabbros range from 10 to 20 times chondritic values and are 

entirely overlapping. Keratophyres feature REE abundances 

approxiamtely 15 to 30 times that of chondrites (See Figure 23) . 

Abundances of Sc, Co, Hf, Th, Ta, and Cr are also of interest. 

Signficant depletion in Sc, Co, and possibly Th contents with 

decreasing MgO content is apparent in Figure 24. No similar 

trends were observed for Sm vs. MgO or Hf vs. MgO (See Figure 24) , 

nor for Cr vs. MgO Cnot shown!. Depletion of Co and Sc 



FIGURE'24. Trace element MgO variation diagram for Canyon 

Mountain samples. Symbols used are those in 

Figure 17. 
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accompanying enrichment of LREE ia suggested in the plots of La/Sm 

ratios vs. Co and Sc in Figure 25. Plots of La/Sm ratios 

vs. Co, Sc, Th, and Cr produce clustering of the keratophyres and 

high-SiO^ plagiogranites ('See Figures 25 and 26).. 

Mineral Chemistry 

Hornblende 

Major-element analyses of hornblende in 10 plagiogranites 

were performed by electron microprobe analysis and the results are 

listed in Appendix 5. Analytical procedures are outlined in 

Appendix 1. Total Fe was determined as FeO. The volatile (Cl, F, 

Oi content was not measured. 

All hornblendes contain significant quantities of Na^O, 

approximately 16-21% FeO, 10-12% CaO, and sire impoverished in 

K^O. The hornblendes in diorites CMG174C and CMG43C are distin¬ 

guished by higher MgO and CaO and lower FeO, as seen in plots 

of Mg/Mg+Fe ratios vs. Ca, Ti, and Al ionic proportions 

(See Figure 27). Small compositional differences exist between 

large pegmatitic hornblendes and small groundmass hornblendes in 

diorite CMG190A. Also apparent cure the lower Ca and Ti contents 

of hornblendes in diorite xenoliths in trondhjemites. 

Clinopyroxenes 

Clinopyroxenes from several basalts, diabases, and gabbros 

were analyzed for major elements and the results are listed in 

Appendix 6. Total Fe was determined as FeO. Compositions plotted 

on the pyroxene quadrilateral in Figure 28 fall into the augite 

field, and are higher in FeO and lower in CaO than clinopyroxenes 
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FIGURE 25. Variation diagrams of La/Sm (chondrite-normalized) vs. 
Sc and Co contents. Symbols are as in Figure 17. 
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FIGURE 26, Variation diagrams of La/Sm (chondrite-normalized) vs* 
Th and Cr contents in Canyon Mountain samples. 
Symbols are as in Figure 17. 



FIGURE 27. Mg/Mg+Fe+Mn variation diagram for hornblendes 

in leucocratic rocks of the Canyon Mountain 

complex (hornblende diorite xenoliths in 

trondhjemites □ ; coarse-grained hornblende 

diorites Q ; diorites 9 • tonalités Èk 

altered rocks fl ) . 
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from tectonite harzburgite, and metacumulate and gabbro and 

pyroxenite cumulates analyzed by Himmelberg and Loney (in press). 

The compositional range of clinopyroxenes in this study is narrow, 

but a small degree of iron enrichment is seen in clinopyroxenes 

from basalts. In a sample of porphyritic basalt, relict groundmass 

pyroxene is richer in FeO than the phenocrysts, which are partly 

resorbed. Variation is seen in Al^O^ contents (2.4-4.2 wt %) 

and TiO^ (.27-1.63%). Opaque oxide minerals contribute most of the 

Ti in any rock sample, but it may be significant that the TiO^ 

content in clinopyroxenes appears to be proportional to the total 

TiO^ content within the samples. Na^O, K2°f an<^ <"r2°3 contents are 

all low, often below reliable detection limits on the microprobe. 

Problems of Alteration 

Igneous rocks found in ophiolites are invariably altered 

to some degree. Secondary minerals are usually of the low-pressure 

type. An increase in alteration and metamorphic grade downward 

in many ophiolite sections believed to represent oceanic crust 

suggests a process of burial metamorphism that may occur on or below 

the ocean floor (Hopson and Frano, 1977; Elthon and Stern, 1978). 

In a study of the Sarmiento ophiolite, Chile,,Elthon and Stern. (.1978) 

noted the downward succession of zeolite to greenschist to lower 

actinolite and upper actinolite facies, indicating a steep metamorphic 

gradient. 

Secondary minerals in samples from the Canyon Mountain 

ophiolite are mainly albite and chlorite, with rare epidote and 

calcite, indicating that plagiogranites, diabases, basalts, and 
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keratophyres of the southern portion of the complex have undergone 

some greenschist facies alteration. Actinolite, prehnite, or 

pumpellyite were not observed in any samples. Basalts and diabases 

intruding the mafic cumulate rocks have been metamorphosed in some 

cases to amphibolites, however this type of alteration is non-uniform, 

as fresh gabbros are locally abundant. Metamorphism related to 

shearing deformation involving ultramafic rocks, gabbros, and 

plagiogranites has been noted (Ave Lallemant, 1976; Thayer, 1977) . 

As mentioned previously, intrusion of plagiogranite has apparently 

caused some alteration that obscures contact relationships. To 

date, there are no observations as to whether or not the degree of 

alteration and metamorphic grade at Canyon Mountain changes with 

stratigraphic position, as observed in some other ophiolites. 

The chemical compositions of the rocks analyzed in this study 

have undoubtedly been affected by processes of alteration, as 

suggested by the scatter in the SiO^ variation diagrams (See Figures 

17 and 18). Although a small amount of scatter may be due to 

analytical error and variations due to the concentration of 

phenocrysts, some scatter may accompany chemical changes associated 

with the formation of secondary minerals. 

Alteration effects tend to invalidate the comparison of 

ophiolitic rocks with oceanic basalts on the basis of their 

major-element chemistry. Hydrothermal alteration of oceanic basalts 

by seawater causes leaching of SiO^ and CaO and enrichment of 

MgO, but affects FeO, Na20, and K^O in variable ways (Humphris 

and Thompson, 19785 . An experimental study by Menzies and Seyfried 

(.19791 demonstrated hydrothermal leaching of 0, while 
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Scott and Hajash (1976) observed enrichment of K^O with seawater 

alteration- Low-grade regional zeolite metamorphism has caused a 

decrease in MgO and SiO^ in Icelandic lavas (Wood et al-, 1976). 

No lava flows in the upper stratigraphic portion of the 

Canyon Mountain ophiolite could be identified with certainty. As 

a result, detailed sampling to study possible seawater alteration 

within a single flow was impossible. The lack of pillow basalts 

and sediments precludes submarine exposure in this, or any portion 

of the complex. Seawater alteration is effective in raising the 

37 00 
Sr/ Sr ratio of altered rocks CMenzies and Seyfried, 1979). 

87 86 
Lanphere (1973) reported Sr/ Sr initial ratios ranging from 0.7031 

to 0.7044 for gabbro, trondhjemite, and keratophyre from Canyon 

Mountain. These ratios may represent a small degree of seawater 

alteration, but are significantly lower than values of 0.70512- 

0.7Q842 measured in experimentally altered basalts (Menzies and 

Seyfried, 1979). 

Plagiogranites analyzed in this study show little alteration, 

and their high Na^O and low K^O contents are believed to be 

primary. The greenstone CMG227 and the spilite OC216 possess high 

Na^O, and low CaO and MgO contents that may be due to alteration? 

however, if SiO has been enriched in these samples, this effect 
m 

is difficult to explain by ocean-floor hydrothermal alteration. 

Regardless of what processes may have altered some of the samples, 

obvious trends are seen in the SiO^ variation diagrams? thus, the 

major-element contents may be significant but they will be interpreted 

with caution. 

The usefulness of trace elements, especially the REE, 
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is dependent on their presumed immobility during alteration 

processes. Chromium, Co, Sc, Hf, V, Y, Zr, Ti, P, Nb and Ta seem 

to be unaffected by seawater alteration, while B, Li, Ba, Mn, Ni, 

ü, Th, Sr, and Rb are mobilized (Wood et al., 1976; Humphris and 

Thompson, 1978? Ludden and Thompson, 1979; Menzies and Seyfried, 

1979). Potassium, Rb, B, Li, Ba, Mn, and Ni are leached from basalt, 

and Sr is enriched in basalt during seawater alteration (Humphris 

and Thompson, 1978? Menzies and Seyfried, 1979). 

The REE until recently were thought to be relatively immobile. 

Linear correlations between REE and other assumed 'immobile1 

elements (Ti, Zr, Y, Nb, and P) have been interpreted as evidence 

for the immobility of the REE (Smewing and Potts, 1976) , although 

this could also have resulted from coherent elemental redistribution 

during metamorphism and metasomatism (Heilman et al, 1979) . Under 

appropriate conditions, the REE form soluble complexes in aqueous 

solutions, however such complexes are less soluble than*those 

involving major-element cations. The effects and mechanisms of 

REE mobility have begun to receive closer scrutiny. In a recent 

study, Heilman et al. (1979) distinguished several types of REE 

mobility, which include (1) gross REE depletion, (2) gross REE 

enrichment, (3) selective enrichment of the LREE, and (4) selective 

mobility of certain REE (Ce, for example). Glassy basalts show 

more LREE enrichment through- alteration than crystalline basalts 

(Frey et al, 1974). In chlorite and clays produced by alteration 

of glass, the LREE content may increase by adsorption (Roaldset 

and Rosenquist, 1971^. Interstitial glass may be residual and 

enriched in LREE relative to the remainder of the rock, and loss 
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of REE during alteration would likely cause a slight decrease in 

whole-rock abundances. The REE may be stabilized in some way in 

chlorite (Ludden and Thompson, 1979) , and this is supported by 

studies demonstrating unaffected REE patterns in greenschist 

facies rocks (Menzies et al, 1977al. Zeolitization and seawater 

alteration are thought to produce negative Ce anomalies when trivalent 

. 4‘4* 

Ce is oxidized to Ce and subsequently removed in solution 

(Prey et al, 1974; Masuda and Nagasawa, 1976; Menzies et al, 1977a) . 

The site of relocation of mobilized REE is yet unknown. Secondary 

zeolite minerals apparently do not accept or absorb the REE 

(Wood et al, 1976). Although processes of alteration may significantly 

mobilize the REE, the effects may be uniform in a given suite of 

samples and thus would not entirely preclude the use of trace 

element data in the characterization of the rocks. 

Models of seawater alteration and hydrothermal alteration have 

been applied to ophiolites. For reasons stated earlier, these 

processes cannot be conclusively shown to have operated in the 

Canyon Mountain ophiolitè. The abundances of REE, Sc, Co, Hf, Th, 

Cr, and Ta of samples analyzed in this study are assumed to be 

primary and reflective of the magmatic history, since (1) the highest 

degree of alteration is greenschist facies with little or no 

apparent zeolite facies alteration, and (2) no processes of 

alteration have been proposed by which the LREE may be severely 

depleted (Hermann et al, 19741, a significant characteristic of 

the REE patterns of the Canyon Mountain samples. 

Two samples included in this study, however, may be 

metasomatized, and the REE concentrations affected as a result. 
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The mineralogy and major-element chemistry of diorite CMG174C 

(from plug NW of Canyon Mountain), place it in the range of diorites. 

The plagioclase in this sample is cloudy and rimmed with albite, 

while hornblende is almost entirely altered to chlorite. Petro¬ 

graphic observations and the anomalous LREE-enriched pattern 

(See Figure 22) suggest that it is altered. The high MgO content 

in the rock is reflected in the high MgO content of its constituent 

amphibole (See Figure 27) . Possible enrichment of SiO^ or MgO is 

indicated by the deviation on the MgO vs. SiO^ diagram (See Figure 17). 

Sample CMG174C may be an altered mafic rock. Metasomatic replacement 

of pyroxenes by amphibole would cause a decrease in SiO^ content 

if not accompanied by formation of secondary quartz. Small amounts 

of interstitial, recrystallized quartz are present in CMG174C, and 

the Mg-rich amphibole is higher in SiO^ than amphiboles in other 

plagiogranites. Metasomatic replacement may have been incomplete 

in sample CMG43C: the clinopyroxene inclusions in amphibole may 

be relict cores since their chemistry, although they are lower 

in Al^O^, falls within the range for other clinopyroxenes analyzed 

in this study. The amphibole in CMG43C is also significantly higher 

in MgO and SiO^. In ^oth ^<*430 and CMG174C, however, the 

metasomatic replacement of pyroxene by hornblende would have to 

involve the addition of Al^O^ and removal of CaO in significant 

amounts. As seen in Figure 19, the REE profile of CMG43C is irregular 

and features a small negative Ce anomaly. The major-element 

chemistry of CMG43C falls well within the range of gabbro and 

diabase (.See Figures 17 and 181. Thus, samples CMG43C and 

CMG174C are probably altered or metasomatized gabbros. Note that 
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sample CMG43C, based on field relations, is interpreted as a 

'screen1 of gabbro within the plagiogranite intrusives. Alteration 

resulting in variable degrees of metasomatism may have been 

responsible for producing rocks with a leucocratic appearance in 

the field, termed 'epidorite1 by Thayer (1977). Consequently, 

an accurate estimate of the volume and abundance of true 

plagiogranites in the Canyon Mountain ophiolite is not easy to 

make. 

Geochemical Comparison With Other Ophiolites 

Basic Rocks 

On the basis of major-element geochemistry, mafic rocks from 

the Canyon Mountain ophiolite are similar to those in other 

ophiolites. As in this study, major-element variation diagrams 

of rocks from other ophiolites show as much scatter due to various 

kinds and degrees of alteration. Basaltic rocks in ophiolites may 

generally be divided into low-Ti and high-Ti groups (Sun and Nesbitt, 

1978). Most Canyon Mountain samples fall into the high-Ti category. 

Examples of low-Ti basalts are found in the Betts Cove and Ming's 

Bight ophiolites of Newfoundland (Norman and Strong, 1975; Church 

and Coish, 1976), the Point Sal ophiolite, California (Hopson and 

Frano, 1977), the Del Puerto ophiolite, California (Evarts, 1977) 

and ophiolites in the Solomon Islands (Neef and Plimer, 1979). 

High-Ti types are found in the Bay of Islands ophiolite, Newfoundland 

(Williams and Malpas, 1972), and in the Sarmiento complex, Chile 

(Saunders et al, 1979) . Both high-Ti and low-Ti basalts occur in 
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the Troodos ophiolite, Cyprus (.Smewing et al, 1975; Kay and 

Senechal, 1976), and in the Great Valley ophiolite, California 

(Bailey and Blake, 1974). 

With the increasing number of trace element and REE studies 

of ophiolitic rocks, and the presumed relative immobility of the 

REE, these data may be a better basis of comparison for rocks from 

different ophiolites. From available REE data, the closest 

similarity is seen to exist between diabases and basalts from Canyon 

Mountain and the Troodos complex (See Figure 29) , and also the Bay 

of Islands ophiolite (Suen et al, 1979). Diabases and basalts from 

Troodos and the Bay of Islands have REE abundances 5 to 20 times 

chondrites and are significantly LREE-depleted (Kay and Senechal, 

1976; Suen et al, 1979). The lower lavas of the Point Sal ophiolite 

are similar to Troodos and Canyon Mountain samples as well; the 

Point Sal upper lavas, however, display relatively flat REE 

patterns with lower total REE abundances and lack negative Eu 

anomalies (Menzies et al, 1977a). Other lavas at Point Sal are more 

highly fractionated, with REE abundances nearly 30 times chondrites 

and flat REE patterns (Menzies et al, 1977b). Spilites in the 

Pindos ophiolite are depleted in LREE but are rather low in total 

REE (Montigny et al, 1973) . Diabases from the Preston Peak 

ophiolite, northern California, are characterized by flat REE 

patterns and a relatively narrow range of REE contents averaging 

10 times chondrites (Snoke et al, 1977). Flat REE patterns 

averaging 20 times chondrites are typical of diabase and spilite 

in the Oregon Mountain ophiolite, also in the Klamath Mountains 

of northern California (Vail, 1977). Metabasalts of Corsican 
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La Ce Nd Sm Eu Gd Dy Er Yb Lu 

FIGURE 29. REE patterns normalized to chondrites (Leedey) for 

rocks of the Troodos ophiolite complex, Cyprus, from 

Kay and Senechal (1976) (gabbros U ; basalts £ ? 

plagiogranites ) . 
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ophiolites display the same range of total RES but are slightly 

enriched in LREE (Venturelli et al, 1979) . Even greater LKEE 

enrichment is seen in basaltic dikes within the Sarmiento 

ophiolite, Chile (Saunders et al, 1979). 

The single troctolitic gabbro analyzed in this study 

is similar in its REE abundances and pattern to cumulates from 

other• ophiolites (Montigny et al, 1973; Kay and Senechal, 1976; 

Menzies et al, 1977b). Gabbroic cumulates from Troodos and Point 

Sal are significantly depleted in LREE. With regard to the diabases 

and basalts analyzed from Canyon Mountain, the troctolite would be 

expected to show a similar depletion in LREE. This is not the case 

(See Figure 19> and may reflect a complex genetic relation (.if 

any) between these rock, types. 

Keratophyres 

Keratophyres and quartz keratophyres occurring at Canyon 

Mountain are similar to those found in other ophiolites both petro- 

graphically and on the basis of contact relations. They are 

found in varying amounts in many ophiolites, either as late-stage 

intrusive bodies or as part of a volcanic or subvolcanic sequence. 

Keratophyres and quartz keratophyres are characteristically low in 

Al^O^ t-12-14%) and K^O, an<* kigh in Na^O and SiO^/ although SiO^ 

may range from 60 to 78%. 

Keratophyres may have undergone alteration according to some 

authors, in which case major elements may not be a reliable basis 

for comparison. Trace element analyses of keratophyres and quartz 

keratophyres in the Oregon Mountain ophiolite (Vail, 1977) and in 
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the Sparta ophiolite (phelpa, pers, comm., 1979). are moderately 

enriched in LREE in contrast with those from Canyon Mountain, 

Keratophyres from the northeastern Carribbean are presumably of 

island arc origin and display a wide range of both LREE-depleted 

and LREE-enriched patterns (Donnelly and Rogers, in press). 

Plagiogranites 

Specific rock, types in the ophiolitic plagiogranite suite, 

where present, include diorite, quartz diorite, tonalité, and 

trondhjemite, all characterized by high Na^O and lack of K-feldspar. 

Silicic rocks found in ocean ridges and floors have also been 

labelled plagiogranites. The greatest variation in major-element 

chemistry of plagiogranites is that of A1 0 and K O. Amounts of 

these oxides, as well as Na^O, in plagiogranites from ophiolites and 

oceanic settings are summarized in the SiO^ variation diagram in 

Figure 3Q. 

The average composition of plagiogranite (7 samples), from 

Canyon Mountain is comparable to averages of plagiogranites from 

several other ophiolites (.See Figure 3Q) . Diorites and 

tonalités from Canyon Mountain are high, in Na^O but have similar 

Al^O^ and K^O contents to those of diorites and quartz diorites 

from the Sparta ophiolite (Phelps, 1979) and from the Semail 

ophiolite, Oman (Coleman and Donato, 1979). Low-SiO^ plagiogranites 

are usually higher in Al^O^ than high-SiO^ plagiogranites in ophiolites, 

especially trondhjemites. This is shown for samples from the Sparta 

complex, but is not obvious for samples from other ophiolites, 

as only averages are shown tSee Figure 30).. When considered 



FIGURE 30. Major-element Si02 variation diagram showing comparative 

chemistry of plagiogranites in ophiolites. 
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separately, trondhjemites from Canyon Mountain are higher in 

Al^O^ and lower in Na^O and K^O than those from the Sparta complex, 

the Semail ophiolite, and the Bay of Islands ophiolite. 

As seen in Figure 31, the LREE-depleted patterns of plagio- 

granites from Canyon Mountain are similar to those of quartz 

diorites from Troodos (Kay and Senechal, 1976), diorites and quartz 

diorites from the Point Sal ophiolite (Menzies et al, 1977b), and 

a plagiogranite from the Smartville ophiolite (Menzies, unpub. 

data, cited in Phelps and Ave Lallemant, in press). Quartz diorites 

and trondhjemites from the Sparta complex have total REE contents 

similar to those from Canyon Mountain, but display flat to slightly 

LREE-enriched REE patterns (Phelps, 1979). Plagiogranites from the 

Sarmiento complex, Chile, have REE abundances approximately 50 

times chondrites and are dramatically enriched in LREE (Saunders 

et al, 1979). 

Geochemical and Tectonic Affinities 

of Basic Rocks at Canyon Mountain 

The increasing volume of geochemical data for volcanic and 

Plutonic rocks from mid-ocean ridges, marginal basins, and island 

arcs has made possible the comparison of these data with those of 

ophiolitic rocks in order to discern the magmatic and tectonic 

affinities of the ophiolites. 

Diabases and basalts from the Canyon Mountain complex display 

the following compositional ranges: 51-59% SiO^, 15-16% Al^O^, 

8-12% FeO, 6-10% MgO, and .70-1.9% TiO^. Basalts from mid-ocean 

ridges and ocean floors are lower in SiO^ and Na^O, an<* higher 

CaO. The K^O contents and Mg/Mg+Fe ratios of basic rocks from 



FIGURE 31. Comparative REE patterns of plagiogranites 

in ophiolites (normalized to Leedey chondrite). 

'Red Sea' ophiolite (Coleman et al., 1978) g 

Smartville ophiolite, California (Menzies, ^ 

unpub. data, cited in Phelps and 

Ave Lallemant, in press) 

Troodos ophiolite (Kay and Sénéchal, 1976) A. 

Semail ophiolite (.Coleman and Donato, 1979) □ 

Point Sal ophiolite (Menzies et al., 1977b) O 

Canyon Mountain ophiolite: range shown 

in shaded area 
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Canyon Mountain are comparable to those of mid-ocean ridge basalts 

CMORB) . The range of TiO^ contents in the Canyon Mountain rocks 

places them in the high-Ti ophiolite basalt group. Ti02 
va^-ues 

of MORB range from approximately .30 wt % in phyric varieties to 

5% in more differentiated types from aseismic ridges (Blanchard 

et al, 1976; Hekinian and Thompson, 1976). Aphyric MORBs with 

TiO^ contents of .60-.70% are believed to represent primary 

liquids (Blanchard et al, 1976) and are comparable to a few of the 

diabases in this study. 

Canyon Mountain rocks also are comparable to oceanic rocks on 

the basis of trace element contents. Mafic rocks from Canyon 

Mountain possess REE abundances 10 to 20 times chondrites (See 

Figures 19 to 21) and are depleted in LREE (normalized La/Sm ratios 

of .20 to .50). These data compare favorably to those of MORB, 

although the 'primary1 phyric Type IV basalts of Blanchard et al 

(1976) display flat REE patterns. Basalts dredged from oceanic 

fracture zones and aseismic ridges have flat to slightly LREE- 

enriched REE patterns (Bryan et al, 1976). Scandium, Th, and Co 

abundances in the Canyon Mountain samples are closely similar to 

those of MORB. In contrast, however, MORB contain greater amounts 

of Cr and Hf. 

Marginal basin basalts are, for the most part, indistinguishable 

from MORB or ocean-floor basalts on the basis of major, minor, 

and trace element geochemistry of relatively unfractionated samples 

from each environment. Basalts from marginal basin floors or 

marginal basin spreading centers may feature flat to LREE-depleted 

REE patterns (Hawkins, 1977; Dietrich et al, 1978) or flat to 
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slightly LREE-enriched patterns (Tarney et al, 1977? Hawkesworth et al, 

1977? Weaver et al, 1979), Although studies of marginal basin rocks 

are yet few in number, the major-element compositions of these rocks 

are closely similar to 'average1 or '*normal' MORB compositions, 

disregarding differences and wider compositional' variations shown by 

basalts from the Icelandic and Galapagos mid-ocean spreading 

centers (Schilling, 1975? Clague and Bunch, 1976)? the latter have 

been modified by fractionation, invalidating any direct comparisons. 

Chromium, Ni, and Mg in basalts of the Lau Basin are higher than 

in the average MORB, reflecting their more primitive nature 

(Hawkins, 1977). Canyon Mountain diabases and basalts may also be 

fractionated as seen in their major-element chemistry, lower Cr, and 

higher Ti contents, and it may be more meaningful to compare trends 

observed in these samples with trends shown by marginal basin, 

ocean-floor, or oceanic ridge basalts. 

It has been suggested that parts of, or the entire sections of, 

some ophiolites may represent early stages of island arc development. 

Some similarities have been pointed out between ophiolitic rocks and 

island arc tholeiites (Jakes and Gill, 1970), which are thought to 

be the first stage in island arc construction. Rocks of the island 

arc tholeiitic series are characterized by low K^O, low TiO^* 

low Cr, low Co, low Ni, and flat to slightly LREE-enriched profiles 

relative to rocks from marginal basins, ocean floor, or oceanic 

ridges (Jakes and Gill, 1970). Several rocks with LREE-depleted 

patterns and REE abundances comparable to MORB have been dredged 

from the Mariana back-arc slope and may be associated with early 

island arc building (Dietrich et al, 1978). Most recent studies, 
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however (Hawkins, 1977; Weaver et al, 1979), have demonstrated the 

characteristics of island arc tholeiites as defined above, and also 

the slight differences between island arc tholeiites and marginal 

basin basalts. Low-Ti ophiolitic basalts of Newfoundland tChurch, 

1977; Church and Riccio, 1977) and in the Troodos ophiolite, Cyprus 

(Smewing et al, 1975) are similar to marginal basin or island arc 

basalts, but no comparable low-Ti basalts or diabases are apparent 

at Canyon Mountain. 

Ophiolitic rocks, including those analyzed in this study, are 

usually altered as discussed earlier, and caution must be exercised 

in comparing their major-element chemistry with that of rocks from 

modern tectonic environments. In a controversial paper, Miyashiro 

(.1973) concluded that the Troodos complex in Cyprus represented the 

basal portion of a former island arc, citing as evidence high SiO^ 

contents and calcalkaline trends on total FeO vs. (total FeO/MgO) 

variation diagrams. This was criticized by Hynes (1975) who 

contended that the rocks were altered and that the data were 

unreliable. Alteration processes discussed earlier can cause 

an enrichment in total alkalies. Samples from Canyon Mountain produce 

a nearly calcalkaline trend with much scatter when plotted on an 

AFM diagram (Figure 32). Miyashiro C1974, 1975) has since shown the 

usefulness of certain variation diagrams in distinguishing calcal¬ 

kaline and tholeiitic trends in recent volcanic series. Results 

of this approach appear to show that the diabases and basalts from 

the Canyon Mountain ophiolite follow a vague tholeiitic trend 

tsee Figure 33), but otherwise, the plots are somewhat ambiguous. 

Correlations between major-element chemistry and tectonic 
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FeO 

Na20 + K20 MgO 

FIGURE 32. AFM diagram for rocks of the Canyon Mountain 
ophiolite complex. Symbols used are those 

in Figure 17. 
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environment of basic volcanic rocks have been investigated using 

statistical techniques, Pearce et al (1977) have shown that modern 

basic rocks from 5 tectonic settings may be distinguished using 

a ternary plot of MgO-FeO-Al^O^; this method is yet to be thoroughly 

tested for ancient rock suites. Canyon Mountain diabase and basalt 

compositions plotted on such a diagram (See Figure 34) are 

scattered between continental, 'orogenic', and oceanic ridge/floor 

sectors. With no assumption of tectonic setting beforehand, 

Schwarzer et al (1978) applied Q-mode cluster analysis to major-element 

analyses of Cenozoic basalts, and from preliminary results found 

that magmatic types and tectonic subgroups may be differentiated 

on a simple FeO/MgO vs. TiO^ diagram. Samples from Canyon 

Mountain plotted on this diagram (See Figure 35) cure scattered 

between the fields for continental, ocean floor/ridge and island arc 

basalts, but are excluded from the field for oceanic island basalts. 

Ambiguous results such as these may be due to many factors, including 

errors in the statistical methods, incomplete sampling, alteration 

in the samples affecting their chemistry, or errors in the analytical 

procedures. 

Clinopyroxenes often survive alteration processes, and in 

recent years, statistical studies have been made which employ 

clinopyroxene compositional data to determine the magmatic and 

tectonic affinities of their altered mafic host rocks. The A1 

content of clinopyroxene is apparently inversely proportional to 

the degree of Si saturation in the magma, so that clinopyroxenes 

in tholeiitic magmas are higher in Si (Kushiro, 1960). By 

plotting atomic proportions of A1 vs. Si (See Figure 36), it may be 
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.4 Al203 -6FeO 

.4 A1203 .6 MgO AI2O3 

FIGURE 34* MgO-FeO-Al203 discriminant diagram for rocks of the Canyon 
Mountain ophiolite complex, after the method of Pearce et al 
(1977). Fields for continental ('cont.'), oceanic island (O.I.), 

oceanic ridges (ORB) , and 'orogenic1 basalts are delineated. 
Symbols are as in Figure 17. 
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FIGURE 36. Al vs. Si discriminant diagram for clinopyroxenes 
in basic rocks of the Canyon Mountain complex, after 

the method of Kushiro C1960) (gabbros | ; 

diabases £ ; basalts Q ) . 
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seen that clinopyroxenes in Canyon Mountain diabases and basalts 

plot mostly in the tholeiitic field as defined by Kushiro (.1960) 

The amount of Al in tetrahedral coordination is proportional to 

the Ti content (.LeBas, 1962), This relation may be used to 

distinguish pyroxenes from subalkaline, alkaline, and peralkaline 

magmas, although Ti may enter into tetrahedral coordination in 

pyroxenes of the peralkaline group. In Figure 37, most clinopyroxenes 

in Canyon Mountain samples sure of the subalkaline group, in accord 

with, the results shown in Figure 36. It is also worth noting that 

pyroxenes from 3 basalts and 1 diabase consistently plot in the 

alkaline field in both Figures 36 and 37; the whole-rock chemistry 

of these samples is equivocal, however, in demonstrating subalkaline 

vs. alkaline, or tholeiitic vs. alkalic affinities in accordance 

with either of the pyroxene plots. 

Clinopyroxene compositional data have also been used in 

attempts to determine the tectonic setting of altered mafic rocks, 

especially those in ophiolites. Snoke and Whitney (1979) have 

analyzed relict clinopyroxenes from rocks of the Preston Peak ophiolite 

and concluded that a portion of the complex may represent early 

island arc volcanism. They also noted that fine-grained basalts 

were more differentiated than the more coarse-grained diabases, as 

evidenced by whole-rock chemistry and clinopyroxene compositions. 

Although not all samples in which, clinopyroxenes were analyzed were 

also analyzed for whole-rock chemistry, a similar relationship 

between Canyon Mountain diabases and basalts is not evident on the 

basis of major-element chemistry of the samples and the corresponding 

clinopyroxene compositions. Nisbet and Pearce (1977) devised a 
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FIGURE 37. Al (IV/A1 (VI) vs. TiO^ discriminant diagram for 

clinopyroxenes in basic rocks of the Canyon Mountain 

complex, after the method of LeBas (1962). 
Symbols used are those in Figure 36. 
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technique using multivariate statistical analysis of a large number 

of clinopyroxene analyses to distinguish mafic rocks from volcanic 

arc, ocean floor, and intraplate tectonic settings. Application of 

the method to metabasalts from the Othris ophiolite, Greece, gave 

results consistent with, but more ambiguous than, results obtained 

using abundances of relatively immobile trace elements in the rocks. 

In a study of clinopyroxenes of metabasalts in ophiolitic melanges 

of southeastern Turkey, Hall C1978). employed the method of Nisbet 

and Pearce (1977) and also failed to achieve unambiguous results. 

The analyses of clinopyroxenes in mafic rocks from Canyon Mountain 

were not used to determine a tectonic setting due to uncertainties 

in these methods? at best, the clinopyroxene data indicate tholeiitic 

or subalkaline magmatic affinities for these rocks. 

Several minor and trace elements such as Ti, Zr, Y, Nb, and 

P are thought to be relatively immobile during alteration. Several 

workers have compiled these trace element data for basic rocks from 

different tectonic settings and devised schemes to classify altered 

rocks (Pearce and Cann, 1971, 1973; Floyd and Winchester, 1975). 

The most widely used are the Ti vs. Zr and Ti-Zr-Y diagrams of 

Pearce and Cann C1973) . Application of this method to investigate 

magmatic or tectonic affinities of basic rocks in ophiolites has 

met with varying degrees of success. Pearce and Cann (1973) ’tested* 

their methods with samples from the Troodos complex and concluded 

that the method was successful since the data plotted mostly in 

the field of ocean floor basalts (JSee Figure 38). Kay and Senechal 

(1976), with additional data from Troodos, stressed that their results 

using the same methods were inconclusive. Other geochemical studies 



FIGURE 33. Ti vs. Zr discriminant diagram for rocks of 

the Troodos ophiolite complex, Cyprus, after the 

method of Pearce and Cann (.1973). Midoceanic 

ridge basalts (MORB) plot in fields D and B, 

young island arc tholeiites in fields A and B, 

and calc-alkali basalts in fields B and C. 

Data are from Pearce and Cahn (1973) and 

Kay and Senechal (1976). 
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of ophiolites have employed the methods of Pearce and Cann (JL973), 

yielding more or less ambiguous results, and at best demonstrating 

a positive correlation between Ti and Zr. Of the elements used 

in the above methods, Ti was determined in samples for this study, 

but INAA data for Zr were unreliable for most samples, preventing 

the use of these methods to determine a possible tectonic setting 

in which the Canyon Mountain may have formed. 



ORIGIN AND PETROGENESIS OF PLAGIOGRANITES 

Introduction 

Review of Occurrences 

Plagiogranites in ophiolites typically occur as intrusive 

masses of varying size, shape, and orientation in the upper portions 

of the ophiolite sequence. Ophiolitic plagiogranites are commonly 

associated with high-level, isotropic gabbros (See Figure 3} 

interpreted as representing the top of the mafic cumulate portion 

of the ophiolite. Rocks similar in chemistry to ophiolitic 

plagiogranites have been found in various oceanic settings. 

These include rhyodacites dredged from the Galapagos spreading 

center (Byerly et al, 1976), diorites dredged from fault scarps 

on seamounts from the Mid-Atlantic Ridge (Aumento, 1969) , dikes 

of trondhjemite and quartz monzonite intruding diabase samples 

dredged from the Central Indian Ocean Ridge (Engel and Fisher, 1975), 

granitic rocks from the Aves Ridge in the Caribbean Basin (Walker 

et al, 1972), and diorites from the Ayu Trough near New Guinea 

(Pornari et al, 1979). Ophiolitic and oceanic plagiogranites 

have also been compared to the more volumetrically abundant 

trondhjemites and tonalités of Archean .terranes (Barker et al, 1976) , 

and low-K^O dacites and plutonic rocks of island arcs (Ishizaka 

and Yanagi, 1975; Payne and Strong, 1979)• 

Comparative Geochemistry 

The compositions of plagiogranites from the Canyon Mountain 

ophiolite are similar to those from other ophiolites, although a 

few differences are seen: these have been discussed previously 

80 
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(See Figure 301. Selected major-element contents of oceanic 

plagiogranites, Archean trondhjemites, and dacites are shown on the 

SiO^ variation diagrams in Figures 39 and 40. Most high-SiO^ 

oceanic plagiogranites are similar to ophiolitic plagiogranites, the 

Canyon Mountain trondhjemites and tonalités included, except that 

oceanic samples may be higher in CaO and Al^O^ ^^ian t^ie lower-SiO^ 

diorites and tonalités from Canyon Mountain. Dacites display wide 

variations in alkalies ti^O, Na20, and CaO) but are generally 

comparable to ophiolitic plagiogranites. Archean trondhjemites 

and tonalités have restricted compositional ranges. On the average, 

they are higher in Al^O^and^O, and lower in TiO^ than plagiogranites 

in ophiolites. Trondhjemites and one tonalité from Canyon Mountain 

are higher in Al^O^ ^ïan those from most other ophiolites (See 

Figure 391, and are thus similar in this respect to the high-Al 

Archean rocks. Low-K^O plutonic rocks from Japan (Ishizaka and 

Yanagi, 1975). contain amounts of K20 and Na20 similar to those in 

Canyon Mountain samples. 

Rare earth, abundances in ophiolitic plagiogranites are 

variable. Those measured in samples from Canyon Mountain are 

similar to REE abundances in plagiogranites from several other 

ophiolites, as discussed previously (See Figure 31). Rare earth 

abundances in dacites from island arcs resemble those of plagiogranites 

from Canyon Mountain and other ophiolites (See Figure 41). A few 

of the high.-Si02 rocks dredged from oceanic ridges and islands have 

been analyzed for REE, and display wide ranges in abundances 

(.See Figure 41).. The high-Al Precambrian rocks include dacites, 



FIGURE 39. Major-element SiO^ variation diagram for Canyon Mountain 

plagiogranites, oceanic plagiogranites, island arc 

dacites, Archean trondhjemites/ and experimentally derived 

silicic liquids. 

High-Al203 Archean trondhjemites and 

gneisses (aver, of 8 localities) 

Rio Brazos trondhjemite (Barker et al, 1976) 

Twilight Gneiss metadacite (Barker et al, 1976) 

trondhjemites, France (Nicollet et al, 1979) 

Twillingate trondhjemite (Payne and Strong, 1979) 

Diorite, Mid-Atlantic Ridge (Aumento, 1969) 

plagiogranites, Indian Ocean (Engel and 
Fisher, 1975) 

• diorite, Ayu trough (Fornari et al, 1979) 

aplite, Mid-Atlantic Ridge (Miyashiro et al,* 
1970) 

dacites: 

Eua (Ewart, and Bryan, 1972) 

Deception Island (Ewart and Bryan, 1972) 

Tonga (Ewart et al, 1972) 

Galapagos (Byerly et al, 1976) 

Saipan (Barker et al, 1976) 

□ 
c 
□ 
O 

o 
€ 

experimental plagiogranites: 

Immiscible plagiogranitic liquids (Dixon and i 
Rutherford, 1979); average of 7, ± la 

Compositions of partial melts of basalts under 
high PJJ2Q (Holloway and Burnham, 1972) 

Partial melts of basalts under H20-saturated 
conditions (Helz, 1976) (Note: trends are for 
increasing temperature and melt fraction). 

X 

+ 
Canyon Mountain plagiogranites: 

trondhjemites ^ tonalités diorites 
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FIGURE 41. REE patterns normalized to chondrites (Leedey) for 

oceanic plagiogranites, island arc dacites, and 

Archean trondhjemites and tonalités. 

Andesitic glass, Juan De Fuca Ridge O 

(Kay et al, 19701 

Dacite, Tonga (Ewart, 19731 

Dacite, Saipan (Barker et al, 1976) 

Diorite, Ayu trough (Fornari et al, 1979 )_ 

Upper solid lines: Archean trondhjemites (Rio 

Brazos, Twilight, Pitts Meadow), (Barker 

et al, 1976). 

Shaded field: Saganaga tonalité 

(Arth and Hanson, 1975) 

Lower dashed lines: Saganaga trondhjemites 

(Arth and Hanson, 1975) 
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tonalités, and trondhjemites, often metamorphosed to gneisses. 

They cure characterized by dramatic LREE enrichment (See Figure 41) 

and feature negative or positive Eu anomalies, 

Petrogenetic Models and the Origin of 
Plagiogranites at Canyon Mountain 

The major element and trace element chemistry of diorites, 

tonalités, and trondhjemites of the plagiogranite suite in the 

Canyon Mountain ophiolite has been shown, in general, to be comparable 

to that of plagiogranites from other ophiolites, island arc dacites, 

Archean tonalités and trondhjemites, and oceanic plagiogranites. 

Canyon Mountain plagiogranites may have been generated by similar 

processes suggested for these other rocks. These include 

(1) fractionation of basic magma, (.2) silicate liquid immiscibility, 

and (3) partial melting of basic rocks under hydrous conditions. 

Geochemical data for Canyon Mountain plagiogranites will prove useful 

in evaluating these hypotheses. 

Fractionation of Basic Magmas 

Differentiation of a basaltic or gabbroic magma may give 

rise to silicic, late-stage liquids. This process has been 

proposed to explain the origin of plagiogranites in several ophiolites 

CEvarts, 1977; Hopson and Frano, 1977; Malpas, 1979; Pallister and 

Hopson, 1979; Phelps, 1979; Saunders et al, 1979; Stern, 1979), of 

dredged oceanic diorites and dacites (Aumento, 1969; Engel and 

Fisher, 1975; Byerly et al, 1976), and of Archean tonalités and 

trondhjemites (Barker et al,.1976; Barker and Arth, 1976; 

Arth et al, 1978). 
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The idea that plagiogranites in ophiolites represent the end 

products of fractionation of a basic parent magma is suggested by 

their geochemistry and field relations. Plagiogranites are found 

near or at the top of the gabbros in most ophiolites. None of the 

samples of basic rocks from Canyon Mountain in this study appear 

to represent primitive parental liquids; rather, most appear to 

be fractionated to some extent, and a lack of correlation of major- 

element and REE contents may be evidence of several magmas or periodic 

influx and mixing of magmas, as discussed in the next section. 

Nonetheless, for purposes of modelling, two samples of diabase 

(CMG162, OC244) were chosen as basic liquids from which the 

plagiogranites may have been derived by fractional crystallization. 

The diabases may represent compositions of magma tapped at various 

stages of differentiation. Compositional data for phenocrysts 

from oceanic tholeiites, and from cumulus minerals in gabbros from 

Canyon Mountain (Himmelberg and Loney, in press) were used in the 

mixing program of Wright and Doherty (1970) to model derivation of 

selected plagiogranites from the diabases. Results are presented 

in Table 2. The fraction of residual liquid upon arrival at the 

particular plagiogranite composition must be considered a maximum, 

as the diabases chosen are not necessarily representative of a parental 

magma for the entire sequence of cumulate gabbros to plagiogrsmites, 

nor of the 'average composition' of the entire complex. Fractions 

of residual liquid are greater for plagiogranites derived from diabase 

OC244 than those for corresponding samples derived from CMG162, since 

0C244 is more differentiated than CMG162. In the calculated models 

in Table 2, the fractions of minerals removed vary somewhat for 
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each model, but this is mainly a function of the compositions 

assumed for hypothetically removed minerals. In many cases, to 

achieve a best fit, mineral phases such as olivine, orthopyroxene, 

or amphibole were not used, i.e., not removed, in the calculated 

model. Finally, the sum of the squares of the residuals may be 

taken as a measure of the fit of the model. Relatively large values 

for this parameter may result from uncertainties in the whole-rock 

analyses used (possibly due in part to alteration) or in the assumed 

genetic model itself. The residuals for oxides, when considered 

separately, indicate that both CMG162 and 0C244 are too low in TiC^ 

and too high in FeO and Na^O to be reasonable parental liquids, 

although the high Na^O content may result from alteration. 

Trace element abundances are also useful in modelling 

fractionation processes. Calculations were carried out using the 

REE abundances of the diabases and plagiogranites above, and the 

equation for Rayleigh fractionation (surface equilibrium) . In this 

approximation, the ratio of the concentration of an element in the 

residual liquid to that in the initial source is expressed as: 

A_= p (D-l) 

where and C are the concentrations of the element of interest 
L o 

in the residual and initial liquids respectively? F is the fraction 

of residual liquid. The bulk distribution coefficient D for the 

element is calculated as: 
n 

D » Z 
i=l 

X.D. 
I X 

where n is the number of mineral phases removed, X^ is the fraction 
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of a given mineral removed, and is the distribution coefficient 

for the element in the mineral. is the equilibrium ratio of 

the concentration of the element in the mineral solid vs. that in 

the coexisting liquid. Distribution coefficients for the REE in 

various minerals vary widely with magmatic composition. Mineral 

D's were obtained from several references? those used in Rayleigh 

fractionation and partial melting calculations in this study cure 

listed in Appendix 7. Mineral distribution coefficients axe determined 

experimentally, or empirically by measuring REE contents in natural 

phenocryst/matrix host pairs. Three sets of mineral D's were 

used and include sets representing (a) an average of D's for basaltic 

compositions, (b) an upper limit of D's for basaltic rocks, and 

(c) a lower limit for D's for dacitic rocks. 

Differentiation of a basic magma would be expected to result 

in higher REE abundances in residual liquids, since mineral D's 

for basaltic compositions are typically less than unity. Enrichment 

of the REE in the'plagiogranites over the diabases is evident in 

Figure 42, and higher La/Sm ratios in the plagiogranites indicate 

relative LREE enrichment in these rocks as well. The main difficulty 

in deriving plagiogranites from basalts is the approximately 

equivalent HREE contents in both, despite a modest LREE and La/Sm 

enrichment. Phase proportions from the the major-element fractionation 

calculations presented above were used in Rayleigh fractionation 

modelling and the results are given in Table 3. 

For diabase CMG162 as a parental liquid, calculated REE 

abundances for fractions of residual liquid represented by tonalité 

CMG2, and'trondhjemites CMG55A and 0C114 are higher than those 
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FIGURE 42. Major-element and trace element Si02 variation diagram 

for Canyon Mountain samples used in various petrogenetic 

models. Symbols are as follows: gabbros, diabases/ and 

basalts • , diorites A , tonalités A * 

trondhjemites Zi * Individual points have been 

labelled with the respective sample numbers. Complete 

sample descriptions and geochemical data for these 

samples may be found in Appendices 2 through 4. 
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actually measured in these samples, even when using mineral D's 

from the upper basaltic and lower dacitic sets. These latter 

mineral distribution coefficients, being higher, will supress the 

enrichment of the REE in the residual liquid, and if high enough, 

could produce a reasonable match for fractionation of CMG162 to 

yield the selected plagiogranite samples. There is some question 

as to whether or not extremely high mineral D’s would be appropriate 

for fractionation of basaltic magmas similar to sample CMG162. 

In any case, to achieve a match for the REE data, there must be one 

or more phases, not included in the major-element fractionation models, 

that upon removal, would suppress REE concentrations in the residual 

liquid. Empirical distribution coefficients for amphibole, apatite, 

and zircon may be sufficiently high, that incorporation of these 

phases may significantly improve the trace element fractionation 

models involving CMG162 as a 'parental* liquid. 

Different results were obtained using diabase 0C244 as a 

parental liquid. This diabase is lower in REE and La/Sm than 

CMG162, but is more differentiated on the basis of major-element 

contents. By using average and high basaltic mineral D*s, the 

calculated models are within the same range as, or are only slightly 

higher than measured values. The calculated models display a 

depletion in LREE and HREE not seen in the plagiogranites. This 

latter result is due to the extreme depletion in LREE and slight 

depletion in HREE in the parent OC244. 

Some questions are apparent in the above models. To model REE 

in the plagiogranites, higher distribution coefficients are 

required ' if CMG162 is assumed as a parent than if the slightly 
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more differentiated OC244 is assumed as the parent. However, the 

large differences in D's required for these two hypothetical parents 

appear to be greater than those necessitated by the slight difference 

in their major-element compositions. Depletion of REE in trondhjemite 

CMG55A with an increase in SiO^ content is evident. A large increase 

in Dfs is required for an increase of only 2-3% SiO^ in residual 

liquids to explain this depletion going from CMG2 to CMG55A. 

Trondhjemite 0C114, however, is highest in SiO^ and BEE and is 

modelled more easily. The fact that CMG162 is higher in REE than 

00244, and that the inverse is seen in their major-element 

compositions, may be evidence that these diabases represent magma 

batches unrelated to each other or to the plagiogranites. Also, 

individual plagiogranites may not be related to each other by 

fractionation from the same parent, since REE enrichment is not 

consistently correlated with increases in SiO^ content. Other 

problems arise in viewing the plagiogranites as late residual liquids 

as REE abundances of other diabases in this study are entirely 

over-lapping with those of the plagiogranites. 

Although there are problems in modelling the fractionation of 

Canyon Mountain plagiogranites from basic rocks, this process 

cannot be discounted for other ophiolitic plagiogranites. For 

example, plagiogranites from the Smartville ophiolite, California 

(Menzies, unpub. data, cited in Phelps and Ave Lallemant, in press) 

and the Semail ophiolite, Oman (Pallister, pers. comm., 1980) are 

much more enriched in REE than those from Canyon Mountain. 
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Silicate Liquid Immiscibility 

It has been proposed (Dixon and Rutherford, 1979) that some 

plagiogranites may form as immiscible silicate liquids in equilibrium 

with conjugate mafic magmas- Natural occurrences of silicate liquid 

immiscibility have been recognised in lunar (Roedder and Weiblen, 

1970) and in terrestrial rocks (Ferguson and Currie, 1971; Philpotts, 

1976). 

The hypothesis that plagiogranites in ophiolites and mid-ocean 

ridges may represent immiscible liquids is based on several observations. 

Rocks of intermediate (or ’andesitic') composition should be present 

in significant volumes in ophiolites and oceanic ridges if the more 

silicic plagiogranites are products of a crystal-liquid differentiation 

process. However, dredge sampling has yielded few samples of inter¬ 

mediate composition, and 'andesitic1 compositions are sparsely 

represented in ophiolites. This apparent compositional gap, as well 

as the stratigraphic association of plagiogranites with more 

differentiated diabases or high-level gabbros in ophiolites, may 

be taken as evidence that plagiogranites may be formed immiscible 

liquids. 

Fractionation processes may result in two immiscible silicate 

liquids, one of which may be compositionally similar to plagiogranites. 

The fraction of liquid remaining at the onset of immiscibility may 

be large (up to 40%), but is dependent on initial magma composition 

and oxygen fugacity (Philpotts, 1979). 

The possibility that plagiogranites in ophiolites and oceanic 

suites may represent the phenomenon of silicate liquid immiscibility 

has been investigated experimentally (Dixon and Rutherford, 1979). 
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A low-K^O, high-MgO abyssal tholeiite from the Galapagos spreading 

center was heated above liquidus temperatures at 1 atm pressure 

under anhydrous conditions. Compositions of crystals and residual 

liquid were analyzed at various cooling temperatures. Residual 

liquids became enriched in Fe, and after 95% crystallization at 

1010°C, two immiscible liquids were formed: an Fe-enriched basalt 

and a granitic liquid, compositionally similar to plagiogranites, 

according to Dixon and Rutherford (1979). An average composition 

of their late-stage immiscible granitic liquid is shown in 

Figures 39 and 40, where it is obvious that this liquid composition 

is much lower in Na^O and Al^O^, and higher in and FeO than most 

ophiolitic and oceanic plagiogranites. Basalts high in Fe, as in 

the complementary immiscible liquid in the experiments, are not 

observed in ophiolites or most oceanic suites. A fundamental 

problem in drawing any comparisons with naturally occurring rocks 

is that the experiments were performed under anhydrous conditions 

at low pressure and low oxygen fugacity. Comparable studies under 

more varied conditions presently are unavailable. Also, the very small 

volumes of immiscible granitic liquid produced in the experiment 

are less than the relative volumes of plagiogranites observed 

in most ophiolites. Canyon Mountain included. 

During fractionation, REE and other trace elements are 

normally enriched in high-Si residual liquids, however in silicate 

liquid immiscibility, they are enriched in the mafic complementary 

liquid (Watson, 1976). Watson C1976) carried out doping experiments 

to determine the distribution of REE and other trace elements in 

the two-iiquid volume of the K^O-FeO-Al^O^-SiO^ system. 
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Although it is always questionable whether or not simple systems are 

truly representative of complex natural systmes, the distribution 

coefficients determined by Watson (1976) for partitioning of Ca, Mg, 

Ti, La, Sm, and Lu between mafic and silicic immiscible liquids may 

be used to further test the hypothesis that Canyon Mountain 

plagiogranites may have been immiscible liquids. The distribution 

coefficients from the results of Watson (1976) and Dixon and Rutherford 

(1979Î are listed in Table 4, along with the same ratios calculated 

for selected Canyon Mountain samples. None of the diabases or basalts 

in this study are high enough in Fe to be comparable to experimentally 

derived immiscible liquids, however, diabase OC244 and a 'quartz 

gabbro*, CMG49, were used in these calculations along with several 

plagiogranites. The major-element chemistry of the plagiogranites 

varies widely, as do the calculated distribution coefficients. 

Ratios of La, Sm, and Lu contents in selected diabases from Canyon 

Mountain (See Table 4) vs. those in the plagiogranites are much 

lower than the ratios between basaltic and high-Si immiscible liquids 

determined by Watson (1976) . Differences in the REE abundances of 

the most REE-enriched and most differentiated basic rocks in most 

ophiolites, compared to those in the associated plagiogranites, 

may not be large enough to agree with the differences observed in 

immiscible silicate liquids at low pressures. The available data 

indicate that it is unlikely that Canyon Mountain diabases are 

related in any way to the plagiogranites as mafic immiscible 

liquids or as less fractionated precursors. 
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TABLE 4 

TESTS OF SILICATE LIQUID IMMISCIBILITY HYPOTHESIS 

Compositions of immiscible liquids (Watson, 1976)* 

Si02 

Liquid A Liquid B 

74.0 55.8 

A12°3 
3.6 2.3 

FeO 18.4 40.1 

V 4.0 1.8 

Distribution ratios 

Ca 

(D’s) of selected 

Mg Ti La 

elements in liquid 

Sm Lu 

average of 
n analyses: 

2.35 

6 

2.15 3.08 3.91 

5 7 3 

4.42 5.66 

5 2 

Compositions of immiscible liquids (Dixon and Rutherford 

’High-Si1 liquid 'Low-Si1 liquid 

Si02 
68.5 43.9 

Ti02 1.70 4.61 

A12°3 
11.1 7.0 

FeO 7.86 23.5 

MnO 0.16 0.55 

MgO 0.75 2.32 

CaO 3.82 10.2 

Na2° 2.86 1.85 

K2° 1.20 0.42 

P2°5 
0.96 4.87 

Distribution ratios (D’s) of selected elements in the 1 

vs. the 1high-Si1 liquid: 

Ca Mg' Ti Na Fe 

2.66 3.09 2.71 0.65 2.98 
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Table 4. (continued) 

Ratios of the concentrations of selected elements in diabases vs. 
those in plagiogranites from Canyon Mountain: 

Diabase/Plagiogranite 

OC244 / CMG137 

OC244 / CMG2 

OC244 / CMG191 

OC244 / CMG55A 

OC244 / 0C114 

OC244 / CMG157A 

CMG49 / CMG137 

CMG49 / CMG2 

CMG49 / CMG191 

CMG49 / CMG55A 

CMG49 / 0C114 

CMG49 / CMG157A 

Ca Na Fe Mg 

1.83 0.79 1.05 1.68 

2.95 0.70 1.57 6.65 

2.67 0.89 2.62 10.42 

2.96 0.79 2.06 5.58 

9.28 0.58 5.56 16.45 

11.73 0.56 2.20 12.76 

1.15 0.86 1.17 1.58 

1.83 0.76 1.75 6.17 

1.67 0.97 2.92 9.77 

1.85 0.86 2.29 5.23 

5.80 0.63 6.20 15.42 

7.34 0.61 2.45 11.96 

Ti La Sm LU 

1.29 0.66 0.83 0.83 

1.53 0.34 0.52 0.48 

2.33 0.49 0.98 0.73 

1.68 0.37 0.66 0.62 

4.00 0.27 0.46 0.39 

3.11 0.45 0.59 0.51 

2.69 1.76 2.05 1.90 

3.18 0.89 1.29 1.09 

4.86 1.31 2.44 1.66 

3.50 1.00 1.64 1.41 

8.33 0.73 1.14 0.89 

6.48 1.19 1.47 1.17 
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Partial Melting Models 

An alternative model is that of partial melting of mafic 

rocks resulting in silicic liquids. This process is equally viable 

for many of the rocks mentioned earlier as possibly being produced 

via fractionation (Barker and Arth, 1976; Barker et al, 1976; Phelps, 

1979). A partial melting model to explain the origin of plagiogranites 

or trondhjemites is preferred as shown in several studies (Gregory 

and Taylor, 1979; Malpas, 1979; Payne and Strong, 1979; Saunders 

et al, 1979). 

Experimental partial melting of basic rocks under hydrous 

conditions has produced liquids of granitic and trondhjemitic 

composition (Holloway and Burnham, *1972; Helz, 1973, 1976). This 

effect was suggested in earlier studies of basaltic systems under 

hydrous conditions at high pressures (Kushiro, 1969). In the system 

Fo-Di-SiO^ (See Figure 43), at 20 kb total (aqueous fluid) pressure, 

the primary crystallization field of forsterite is greater than at 

1 atm under anhydrous conditions and substantially quartz-normative 

hydrous melts cure in equilibrium with a wide variety of ultramafic 

(and mafic) rock types containing olivine, orthophyroxene, and 

clinopyroxene. Partial melting of tholeiitic basalt at H^O pressures 

fixed at values less than total pressure yielded dacitic and trondh¬ 

jemitic liquids (.Holloway and Burnham, 1972) . For the most part, 

compositions of these partial melts compare favorably with ophiolitic 

plagiogranites and island arc dacites (See Figures 39 and 40). 

Helz (1973, 1976) performed melting experiments on basalts with water 

pressure equal to total pressure (5 kb) . Compositions of partial 

melts of Picture Gorge basalt and 1921 Kilauea tholeiite at 



CaMgS^O^ 

FIGURE 43. Liquidus diagram for the system Fo-Di-SiO^-H^O 

at 20kb (fluid) pressure, projected on the 

anhydrous Fo-Di-SiO^ base, after Kushiro 

(1969). 



102 

temperatures of 700, 825, and 875°C show decreases in SiO^ and K^O 

content and increases in most other elements with increasing temperature 

CSee Figures 39 and 40) . The Al^O^ contents °f these partial melts 

are high, but on the basis of other elements, they are comparable 

to Archean trondhjemites, oceanic plagiogranites, ophiolitic 

plagiogranites, and island arc dacites. A model whereby plagiogranites 

at Canyon Mountain are produced by hydrous partial melting of basic 

rocks is supported by several lines of evidence. 

Hornblende is evident as an intercumulus phase in cumulate 

gabbros as much as 2 km from the large area of plagiogranites. Near 

the plagiogranite, as described previously, isotropic high-level 

gabbro has apparently been altered or metasomatized to an assemblage 

of hornblende and plagioclase, often indistinguishable from diorites 

of the overlying plagiogranites. Hornblende is also the dominant 

mafic mineral in all plagiogranites. It may be inferred, then, that 

hydrous conditions prevailed in this portion of the ophiolite. 

A study of oxygen isotopes on Canyon Mountain plagiogranites 

conducted by Gregory and Taylor (1979) revealed large differences in 

18 S 0 between quartz and plagioclase. The plagioclase may have 

18 
been altered by seawater? if the lower values of S 0 for quartz 

C4.8 to 8.5) are considered primary, this spread is too great to 

be a result of simple fractional crystallization. Gregory and 

Taylor (.19791 concluded that the plagiogranites were produced by 

partial melting of stoped blocks of hydrothermally altered basic 

18 
border or roof rocks depleted in O. This model is consistent with 

the large numbers of xenoliths in the plagiogranites, often concen¬ 

trated as intrusion breccias. The xenoliths are commonly altered to 
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hornblende and albite, and are surrounded by coarse, recrystallized 

reaction rims (See Figure 8) which may represent partial assimilation. 

Coarse, pegmatitic segregations in many of the hornblende diorites 

may be resorbed xenoliths, or at least provide strong evidence 

of a significant fluid component. 

An important consideration in a model of hydrous partial 

melting in ophiolites is the depth to which seawater may penetrate 

oceanic crust. Based on studies of dredged oceanic gabbros, the 

maximum depth of seawater penetration may be no more than about 

400 m in the gabbroic layer 2 of oceanic crust unless enhanced by the 

presence of fracture zones (Ito, 1979). In the Oman ophiolite, 

18 
disequilibrium Ô 0 between plagioclase and clinopyroxene indicates 

seawater penetration occurred as deep as 2 km below the contact of 

the high-level gabbro and overlying diabase (Gregory et al, 1979) . 

If the keratophyres at Canyon Mountain represent the uppermost exposed 

portion of the ophiolite, the apparent minimal depth of seawater 

penetration may exceed 4 km. 

The probability of a hydrous partial melting process producing 

the plagiogranites at Canyon Mountain may be investigated quantitatively 

by using their observed KEE abundances and parameters estimated from 

the experiments of Holloway and Burnham (1972) and Helz (1973, 1976) 

in partial melting calculations with the equations of Shaw (1970). 

Equilibrium or 'batch' partial melting is considered a reasonable 

approximation of possible natural fusion processes and implies 

equilibration of the melt formed with residual minerals. Non-modal 

melting refers to a process by which minerals in a rock melt in 

proportions differing from their modal proportions; this is 
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considered more reasonable than modal melting since the composition 

of a rock seldom corresponds to a eutectic composition. For non-modal 

equilibrium melting, Shaw (1970) expressed the ratio of the 

concentration of an element in the melt (C ) to that in the initial 
I* 

source (C ) as: 

C D + F(l-P ) 
o o 0 

where F is the fraction of liquid formed, and D and P are weighted 
o o 

distribution and melting coefficients respectively: 

n n 

Z X.D. 

i-1 1 1 

P = Z 
° i-i 

P.D. 
1 1 • 

For n phases in the source rock, X., . . -X refers to the modal 
x n 

proportions, P., . . . P sure the melting proportions, and D., 
i n x 

. . . D^ are the solid/liquid distribution coefficients for the 

element of interest. Melting proportions may be estimated from 

experimental data, as discussed in the next section. 

Fractional melting implies instantaneous removal of melt as it 

is formed, or failure to achieve equilibrium partitioning of various 

elements between the melt and bulk residual solids, perhaps owing 

to slow diffusion rates. Fractional melting models are considered 

less reasonable, because (1) melt removal is probably not instantaneous, 

and (.2) at least some equilibration must occur before removal of the 

melt. Although, on this basis, equilibrium partial melting is 

preferable, calculations of fractional melting models were also carried 

out for comparison. An equation for non-modal fractional melting 

(Shaw, 1970) is expressed as follows: 
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Variables and constants are the same as those in the equation for 

equilibrium partial melting. 

According to Shaw (1978), equations for partial melting should be 

modified if a fluid phase is present, however, REE partition coefficients 

for minerals relative to water are very large at low pressure (Cullers 

et al, 1973), indicating that the REE are not present in any significant 

amount in coexisting fluids. Thus, for these elements, the above equations 

are believed to be adequate in modelling hydrous partial melting. 

Distribution coefficients used in the partial melting calcu¬ 

lations are the same as those used in the fractional crystallization 

models. Sets of D's appropriate for basaltic and dacitic compositions 

were used, and are listed in Appendix 7. Melting proportions were 

estimated from the experiments of Holloway and Burnham (1972) and 

Helz (1973, 1976). With H^O pressure less than total pressure 

(5 kb) , liquids of 72% and 63% SiO^ (See Figures 39 and 40) 

resulted from the partial melting of 1921 Kilauea tholeiite at 

temperatures of 875°C and 995°C, respectively. At temperatures 

up to 875°C, glass (about 18% melt fraction) formed from the break¬ 

down of amphibole and plagioclase, while some clinopyroxene formed at 

the expense of both. From 875°C to 995°C, amphibole appears 

stable, while plagioclase and clinopyroxene break down. Under 5 kb 

water pressure, Helz (1973, 1976) found that Picture Gorge and 

1921 Kilauea basalts yielded liquids of 68% SiO^ at 45% and 25% 

partial melting, respectively. In both experiments, amphibole 
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appears to be even more stable when P ^ is ®<iual to the total pressure, 

and does not break down until approximately 850°C. Estimated melting 

proportions reflect this, in that plagioclase contributes more 

heavily to the melt, compared to the P's estimated at water pressures 

less than total pressure. Melting proportions and other experimental 

conditions are summarized in Table 5. 

Assuming that, to a first approximation, only amphibole, 

clinopyroxene, and plagioclase were involved in melting, hypothetical 

source rock modes (X's) used in the calculations were expressed as 

ratios of amphibole/plagioclase or clinopyroxene/plagioclase (i.e., 

3/7, 4/6, 1/1, and 6/4). 

Factors of relative concentrations (CL/C ) of REE between melt 
L o 

and source (.C^) were calculated for equilibrium and fractional 

melting models using the equations of Shaw (1970) . Observed REE 

data for three different Canyon Mountain plagiogranites were 

considered as melt compositions and were used to constrain REE 

abundances of sources that may have given rise to the plagiogranites 

by partial melting. As a first approximation, the calculated 

patterns for sources are similar to those of basic rocks from Canyon 

Mountain and other ophiolites, and from oceanic settings. To some 

degree, the calculated source patterns mirror those of the plagio¬ 

granites. Only one set of melting proportion coefficients was used 

from Helz C1973, 1976), since both sets are very similar. In 

Figures 44 through 46, predicted source patterns cure depicted for 

melt fractions approximating those in the experiments that yielded 

highrSi liquids. 

It is evident in Figures 44 through 46 that with increasing 
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TABLE 5 

DATA PROM EXPERIMENTS ON PARTIAL MELTING OF BASALTS UNDER 

HYDROUS CONDITIONS, AND PARAMETERS USED IN THE 
CALCULATIONS IN THIS STUDY 

Temperature 
Total 

Pressure 
V 

Si02 
in 

Melt 
Melt 

Fraction 
Melting 

Proportions 

hb/plag 

Picture Gorge 
Basalt 700-875 C 5 kb 5 kb 67% 45% .11/.89 

1921 Kilauea 
tholeiite 

(Helz, 1976) 

700-875 C 5 kb 5 kb 69% 23% .13/.87 

cpx/hb/plag 

1921 Kilauea 

tholeiite 875 C 5. kb <P 
tot 

72% 18% 0/.56/.44 

1921 Kilauea 
tholeiite 

(Holloway and 
1000 C 5 kb <P 

tot 
64% 30% .23/0/.87 

Burnham, 1972) 

Note: Assumed source modes used included amphibole and plagioclase 
or clinopyroxene and plagioclase in the following ratios: 
.30/.70, .40/.60, 1/1, .60/.40. 



) and FIGURE 44. REE Patterns of hypothetical source rocks ( 

residues ( ^ ) calculated in partial melting models for 

(Pfotai * ^ kb) tonalité CMG2, the REE pattern of which is 

shown in each case for reference. 

A. Equilibrium partial melting model using melting 

proportions estimated from the H^O-saturated melting 

experiments of Helz (1973, 1976). 

B. Fractional melting model, also based on the 

experiments of Helz (1973, 1976). 

C- Equilibrium partial melting model using melting 

proportions estimated from the work of Holloway and 

Burnham (1972) with P* < P. H20 ' "total* 

D. Fractional melting model, also based on the 

experiments of Holloway and Burnham (1972). 

E- Equilibrium partial melting model using melting 

proportions also estimated from Holloway and Burnham 

(1972), but more appropriate for lower temperatures 

(see Table 5). 

Fractional melting model, using melting proportions 

for lower temperatures as above. 

F 

For each case, the ranges of REE abundances possible in 

sources and residues are a result of: CD the range of the melt 

fraction (F=.25-.45 in A and B, F=.15-.25 in C-F) and (2) the range 

in assumed source modes (see Table 5)• Average to high values of 

distribution coefficients appropriate for basaltic rocks were used in 

the calculations, however, in the ranges shown, only average basaltic 

distribution coefficients were used. 
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FIGURE 45. REE patterns of hypothetical source rocks ( ) 

and residues ( ^ ) for trondhjemite CMG191 calculated 

in partial melting models using melting proportions 

estimated from the H^O- saturated melting experiments of 

Helz (1973, 1976). Average values of distribution 

coefficients appropriate for basaltic rocks were used. 

Equilibrium melting models are shown in A and 

fractional melting models are shown in B. The ranges 

of REE abundances possible in source and residue are 

a result of varying the melt fraction (.25-.45) 

and the assumed source mode (see Table 5, and text 

for further explanation). 
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FIGURE 46. REE patterns of hypothetical source rocks ( ) 

and residues ( ) for tonalité CMG137 calculated 

in partial melting models using melting proportions 

estimated from the H^O-saturated melting experiments 

of Helz (1973, 1976). Average values-of distribution 

coefficients appropriate for basaltic rocks were used. 

Equilibrium melting models cire shown in A and 

fractional melting models are shown in B. The ranges 

of REE abundances possible in source and residue are 

a result of varying the melt fraction (.25**.45) 

and the assumed source mode (see Table 5, and text 

for further explanation) 
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melt fractions, and increasing amphibole/plagioclase 

or clinopyroxene/plagioclase ratios of the source, the 

concentrations of REE in the source must be higher to yield those 

abundances analyzed in the plagiogranites. Source REE concentrations 

must also be higher in equilibrium partial melting models when compared 

with fractional melting models (See Figure 44). Only calculations 

using average basaltic distribution coefficients are displayed. 

Higher D's for basaltic and dacitic rocks would require the source 

abundances to be higher than those shown, perhaps as high or even higher 

than those in the plagioclase. The calculated sources display a fairly 

narrow range of chondrite-normalized REE values possible for wide 

variations in the degree of melting, distribution coefficients, and 

source modes* Different melting proportions have a lesser effect on 

the ranges or shapes of source REE patterns (See Figure 44) . In 

general, little variation is seen in La/Sm ratios and relative HREE 

enrichment in calculated sources. However, La/Sm ratios for source 

models for melting under lower water pressure are somewhat higher, 

reflecting the higher melting proportions of amphibole or clino- 

pyroxene. All things considered, the calculated patterns expected 

for source rocks that might yield the Canyon Mountain plagiogranites 

by partial melting, are in fact similar to those observed in many 

basic rocks in ophiolites and oceanic settings in that they are 

depleted in the LREE. Positive Eu anomalies are observed in cumulate 

gabbros from the Troodos ophiolite (Kay and Senechal,, 1976) and 

gabbros in oceanic crust (Dostal and Muecke, 1978). 

The calculated source patterns are somewhat similar to basic 

rocks from Canyon Mountain analyzed in this study. Data for three 
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diabase samples were used with the enrichment factors calculated above 

to determine REE abundances in liquids that would be produced by 

various degrees of hydrous partial melting of these diabases. 

As seen in Figure 47, the diabases are too depleted in LREE; that 

is, for a given Yb concentration, the calculated La/Sm ratios sure 

lower than those observed in the tonalités and trondhjemites. A 

rock lower in total REE with a higher La/Sm ratio would be a more 

likely source. Diorxtes fall close to the La/Sm vs. Yb trends 

predicted by the partial melting of the diabases, although large 

degrees of partial melting are indicated. None, if any, of the 

basic rocks analyzed in this study precisely correspond to the 

calculated sources for a partial melting origin of the 

plagiogranites. This is an incomplete sampling, however, and does not 

preclude the viability of this process. 

It is possible that, once a plagiogranite magma was produced 

by hydrous partial melting, fractionation may have resulted in more 

differentiated members of the suite. This is substantiated by the 

observation that more silicic plagiogranites generally postdate more 

mafic varieties. Plagioclase phenocrysts are present in some 

samples, and large cumulate hornblende oikocrysts were observed in 

a few outcrops. Plagioclase and amphibole would be the major phases 

removed by fractional crystallization. In this way, diorites may be 

parental to tonalités and trondhjemites. This is indicated on a 

FeO/FeO+MgO vs. SiO^ variation diagram (See Figure 42), however, a 

single trend is not evident: multiple batches of parental magma 

may be the cause of different paths shown. 

Calculations were carried out, again using the least-squares 



FIGURE 47. variation diagram of La/Sm vs. Yb in liquids produced 

by partial melting of selected Canyon Mountain 

diabases compared with values observed in Canyon 

Mountain plagiogranltes. Symbols are as in Figure 42. 

Points on the curves indicate the fraction of melting. 

Two curves of La/Sm vs. Yb trends are plotted for 

each of three (3) diabases and possibly include or 

envelope all possible values expected in siliceous 

melts derived by partial melting of these diabases 

under hydrous conditions. Values of CT/C used in the 

calculations for figures 44-46 were also used in 

these calculations. For each diabase, the lower 

curve is the locus of La/Sm and Yb values obtained 

in calculations based on a fractional melting model 

using average basaltic distribution coefficients. 

The upper curve displaying more curvature, corresponds 

to values obtained in equilibrium partial melting 

models using high basaltic distribution coefficients. 
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mixing program of Wright and Doherty (1970), to model fractionation 

within the plagiogranites. Hornblende compositions from samples in 

this study were used. floating1 plagioclase compositions ranged 

from An^ to An^* Results are presented in Table 6. Residuals 

are high for some of the models, since both diorite OC314 and tonalité 

CMG137 are both too high in FeO, low in CaO, and either too low or 

too high in TiO^ to serve as parental liquids for all of the more 

differentiated plagiogranites. At the very least, reasonable 

estimates were obtained of the fractions of the residual liquids and 

the minerals removed, and these were used in Rayleigh REE fraction¬ 

ation calculations. Source abundances of REE used were those of 

samples OC314 and CMG137. Overall depletion in REE is seen in a 

trend towards trondhjemites CMG55A and CMG191; this is accompanied 

by relative enrichment of the LREE (See Figure 42). A bulk 

distribution coefficient greater than 1.0 will cause REE depletion 

with fractionation, therefore values for mineral/liquid D's 

determined in dacitic rocks were used in the calculations. The 

calculated abundances of REE in residual liquids are within the ranges 

observed in the more differentiated plagiogranites, but cure much 

higher in LREE and HREE. Since plagioclase distribution coefficients 

are small compared to those for amphiboles, the mismatch may be due 

to uncertainties in the latter. For calculated fractions of residual 

liquids and phases removed, and known REE abundances of parental and 

residual liquids, the equation for Rayleigh fractionation was used 

to solve for required amphibole distribution coefficients. The 

calculated amphibole D's (.See Figure 48) are higher for models 

involving' CMG55A and CMG191? these samples are higher in Si but 
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TABLE 6 

MODELS FOR FRACTIONATION WITHIN THE PLAGIOGRANITES 

AFTER THE METHOD OF WRIGHT AND DOHERTY (.1970) 

Fractions of Fract. of 

'Parent1 'Daughter1 
Minerals Removed 

plag. oxides amph. 
residual 
liquid 

Siam of squared 
res iduals (E R2 ) 

CMG137 CMG2 18.06 0.13 24.9 56.93 2.172 

CMG137 CMG2 17.72 l.n 22.76 58.43 1.695 

CMG137 CMG2 12.66 0.20 23.18 63.98 2.399 

OC314 CMG55A 31.62 - 34.83 33.56 0.70 

OC314 CMG55A 27.14 - 33.99 38.89 1.011 

0C314 CMG55A 26.51 0.81 32.18 40.52 .764 

OC314 CMG2 21.72 - 31.44 46.86 .460 

OC314 CMG2 27.55 - 32.70 39.76 .788 

OC314 CMG191 32.23 - 36.46 31.32 1.448 

OC314 CMG191 36.01 - 36.98 27.03 .877 

OC314 OC114 32.61 - 38.66 

i"- 

G
O
 

C
M
 2.439 

OC314 OC114 35.86 • 38.88 25.27 1.280 



FIGURE 48. Ranges of distribution coefficients for the REE in 

amphiboles in dacitic rocks C in basaltic 

| ) compared to those calculated from rocks ( 

fractionation schemes involving diorite OC314 as 

a parental liquid to four C4) other plagiogranites. 

Calculated amphibole Dfs for the models involving 

trondhjemites CMG191 and CMG55A are higher as required 

to explain the decrease, or lack of enrichment of the 

REE during fractionation as indicated in the 

hypothetical models. Reference values for dacitic 

and basaltic amphibole D's are from Arth and Hanson 

(1975) 
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are lower in REE. Amphibole distribution coefficients shown in 

Figure 48 correspondvfco fractionation models involving diorite OC314 

as a parental liquid. Tonalité CMG137 is the only other likely 

plagiogranitic parent - its higher SiO^ content and REE content 

approximately equivalent to or slightly lower than that of OC314 

would require lower amphibole D's to achieve precise fits for 

fractionation models based on the REE contents of the more differ¬ 

entiated plagiogranites. When compared with reference values, the 

calculated D's are less depleted in LREE. Most reference values were 

determined from natural samples of phenocryst/matrix pairs, and it is 

not certain that these represent equilibrium values. On the whole, 

the amphibole distribution coefficients calculated here are considered 

plausible, therefore lending support to the possibility of fraction¬ 

ation within the plagiogranites. 

Review and Summary 

Extensive fractional crystallization of a basaltic magma may 

yield plagiogranites in some ophiolites. Such plagiogranites would 

likely have high REE contents and this process does not appear likely 

for plagiogranites from the Canyon Mountain ophiolite. High-Si 

rocks found in mid-oceanic ridges commonly are high in REE and may be 

products of crystal fractionation processes, although other samples 

of oceanic plagiogranite are much lower in REE, suggesting more 

depleted parental liquids, or a different origin altogether. 

Late-stage silicate liquid immiscibility has been suggested 

as a means of producing plagiogranites. Compositions of liquids 

from experiments demonstrating this process are dissimilar 
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to those of true ophiolitic and oceanic plagiogranites, and the fraction 

of high-Si immiscible liquid is much less than the apparent volume 

of plagiogranites in many ophiolites, especially Canyon Mountain* 

Experiments have shown that the REE are less concentrated in high-Si 

immiscible liquids (Watson, 1976). Preliminary partition coefficients 

from Watson (1976) indicate that the Canyon Mountain plagiogranites 

may be too high in REE to represent immiscible liquids. None of the 

basic rocks analyzed in this study are likely representatives for the 

required low-Si, high-Fe complementary immiscible liquids. 

A model by which the plagiogranites may have been derived by 

partial melting of basic rocks under hydrous conditions is consistent 

with field and geochemical data. The abundance of amphibole in the 

plagiogranites and associated gabbro is evidence of significant 

amounts of water available in this portion of the complex. Numerous 

mafic xenoliths, many in advanced stages of resorption and assimila¬ 

tion, provide evidence that partial melting and mixing of basic rocks 

has occurred. Calculated source models based on REE abundances in 

the plagiogranites are comparable to basic rocks in the Canyon 

Mountain and other ophiolites, and in oceanic settings. 

The calculated fractionation and partial melting models, while 

not necessarily unique, serve to illustrate boundary conditions 

required by these processes. Problems apparent in these models for 

the formation of plagiogranites suggest several underlying causes of 

the indicated varied nature of the magmatism in the Canyon Mountain 

and possibly other ophiolites. These causes may include: (1) possible 

varied basic parental magmas as discussed in the next section, each of 
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which may undergo mixing and differing amounts of differentiation, 

(2) diversity in the mineralogy and REE contents of basic rocks which 

may give rise to plagiogranites by partial melting, (3) differing 

extent of partial melting of basic rocks, and (4) subsequent fraction¬ 

ation of the plagiogranites. A proposed environment of formation for 

the Canyon Mountain ophiolite should be able to accomodate any or all 

of these processes, which are not entirely independent if an origin 

for the plagiogranites by hydrous partial melting is preferred. 

It has been suggested that prolonged fractionation in a slowly 

spreading mid-ocean ridge may produce plagiogranites (Coleman and 

Peterman, 1975), and that plagiogranites are expected to be absent 

in fast spreading ridges subject to frequent influxes of new batches 

of basic magma (Hopson, 1980). These models are predicated on the 

assumption that plagiogranites form from basic parental magmas via 

crystal fractionation, which seems less likely in the Canyon 

Mountain ophiolite. For the plagiogranites to have been created by 

partial melting of basic rocks, an environment is required in which 

(a) H^O is allowed access to hydrate crustal, and possibly upper 

mantle, rocks, and (b) a large and continuous heat supply must be 

furnished to allow melting at shallow depths. Periodic replenishment 

of basic magma in one or more magma chambers in the ophiolite could 

provide such, a heat source and also a wide spectrum of basic source 

rocks for partial melting. Possible settings for the formation of 

the Canyon Mountain ophiolite include (a) a fast spreading ridge, 

possibly in a back-arc or marginal basin, or (b) the basal portion of 

an immature island arc, both of which appear to meet the requirements 

suggested above. 



ORIGIN AND PETROGENESIS OF THE BASIC ROCKS 

Introduction 

Basic rocks in ophiolites encompass a wide range of rock 

types and occurrences, from cumulate gabbros to pillow lavas. The 

stratigraphic position and thickness of these units in several 

ophiolites have been reviewed previously (See Figure 3). 

The basic magmas represented by the dominant mafic portion of 

the ophiolite must ultimately have been produced by partial melting 

of upper mantle rocks. This process is responsible for producing 

the large volumes of basic lavas at oceanic ridges, oceanic islands, 

and in marginal basins today. Ultramafic rocks, especially 

Iherzolites, are considered the more likely upper mantle lithology 

which could give rise to basic melts. This is based on data from 

experiments in simple systems and on trace element data, especially 

REE abundances, in ultramafic rocks and basalts thought to represent 

primary melts. 

Lherzolites and harzburgites are found in close association 

in many Alpine-type ultramafic massifs. Very little lherzolite is 

found associated with the large massive bodies in ophiolites. Many 

workers have suggested that the harzburgite and gabbro in ophiolite 

sequences are complementary residue and melt fractions of a partial 

melting event (Menzies, 1976, 1978? Sinton, 1977). Contact relations 

between tectonite harzburgite and overlying cumulates are often 

complex and ambiguous. The best evidence for such a complementary 

residue-melt relationship is seen in the refractory characteristics 

of the harzburgite. Harzburgites are monotonously uniform in their 
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mineralogy, and are depleted in LIL elements and the LREE. Lherz- 

olites are similar to estimates of primary mantle compositions and 

often display near-chondritic REE abundances. Feldspathic or 

basaltic segregations in harzburgite resemble cotectic melts, and 

have been interpreted as partial melts (Dickey, 1970? Menzies, 1973, 

1976? Dick, 1978). 

Cumulate gabbros overlying the ultramafic unit in ophiolites 

may record open- or closed-system fractionation within the ophiolite 

magma chamber. Closed-system fractionation of a single basic magma 

seems to be the case for California Coast Range ophiolites (Hopson, 

1980), the Sarmiento ophiolite (Stern, 1979), and ophiolites in 

Corsica (Beccaluva et al, 1977). Steep cryptic variation trends 

with repeated reversals, and limited compositional ranges of 

cumulus minerals are evidence of an open system periodically 

replenished by new batches of magma. Such trends are observed in 

the Bay of Islands ophiolite (Church and Riccio, 1977), the Tortuga 

ophiolite (Stern, 1979), the Semail ophiolite (Pallister and Hopson, 

1979) , and the Point Sal ophiolite (Menzies et al, 1977a, 1977b). 

Open-system behaviour best explains the apparent decoupling, or lack 

of correlation between major- and trace-element variations seen in 

oceanic basalts and ophiolitic basalts (Stern, 1979). The periodic 

influx of new magma into the system may be the result of repeated 

partial melting. Large volumes of chemically homogeneous magma, such 

as that extruded along mid-ocean ridges, may be produced by different 

amounts of melting (Presnail, 1969) . This may be the case for 

ophiolites, which are thought to be formed at oceanic spreading 

ridges. 
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Harzburgite-Gabbro-Basalt Relations at Canyon Mountain 

The tectonic harzburgite at Canyon Mountain has all the 

characteristics of a refractory residuum produced by extraction of 

a partial melt (Himmelberg, and Loney, in press) , although Thayer 

(1977) contends that it is of cumulate origin. The contact with 

the overlying metacumulates and cumulates is poorly defined but may 

be gradational in some areas (Himmelberg and Loney, in press; 

Ave Lallemant, 1976). Petrographic study of cumulate gabbros 

collected on a stratigraphic traverse during fieldwork for the 

present study indicated that cyclic variations may be present in the 

section. Olivine and orthopyroxene disappear and reappear with 

stratigraphic height, and plagioclase compositions determined 

optically show little variation throughout the section. Inch-scale 

cyclic layering is present in some outcrops. Although the cumulate 

gabbros may not be laterally continuous, these observations may 

provide evidence of open-system fractionation as explained earlier. 

In the present study, basalts, diabases, and isotropic gabbros 

were analyzed in hopes that they would reflect the history of the 

magma chamber, assuming that they represent liquid compositions. 

Diabases are found as narrow intrusive bodies within the cumulate 

unit, and throughout the remainder of the ophiolite. They both 

predate and postdate the plagiogranites, as do the basalts. Basalts 

are more common upsection above the cumulates. It must be reiterated 

that 'sheeted* basalt dikes and pillow basalts are entirely lacking 

at Canyon Mountain. 
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Petrogenetic Models 

Fractionation Models 

Both the presence of cumulate gabbros and the evolved compositions 

of the diabasic gabbros, diabases, and basalts at Canyon Mountain 

record the operation of fractional crystallization processes. However, 

it is likely that different magmas were emplaced at different times. 

The single cumulate troctolite gabbro analyzed may be of use in 

determining complementary residual liquids for comparison with 

analyzed diabases and basalts. The concentration of an element in 

the residual cumulate solid, in this case the troctolite, may be 

used to calculate that in the parental liquid (C ) for an assumed 
o 

fraction of original liquid remaining: 

Cs (1-FD) 
Co * U-F) 

This is a version of the equation for Rayleigh fractionation- The 

troctolite is composed of approximately 25% olivine and 75% plagioclase. 

If it is assumed that these phases fractionated in the same ratio from the 

parental liquid, a bulk distribution coefficient may be calculated, and 

for this, average basaltic D's were used. From the equation: 

o 

the concentration of the element in the residual liquid (C ) may 
L 

be calculated. Using the REE contents measured in the adcumulate 

troctolite, REE patterns were calculated for residual liquids at 

different F-values? these are roughly comparable to REE profiles 

for the analyzed diabases and basalts with the exception of the 

positive Eu anomaly in the former (See Figure 49) . A larger D value 
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FIGURE 49. Calculated REE patterns of basic parental liquids 

(dashed lines) and residual liquids (solid lines) for 

various degrees of fractionation assuming troctolite 
OC277 to be a cumulate residue created by crystal 

fractionation. F is the fraction of liquid remaining 
and is indicated in each case. 
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for Eu in plagioclase relative to liquid would diminish the positive 

Eu anomalies in the calculated liquids. The fact that the troctolite 

could be a complementary cumulate residue to many of the diabases 

and basalts suggests that the remainder of the cumulates may be 

genetically related by fractional cyrstallization to the diabases, 

basalts, and isotropic gabbros. Diabases (samples CMG162 and 166) 

with HREE abundances 10 to 15 times chondrites are found well within 

the lower portion of the cumulate section below the locality of 

sample OC277. These diabases could represent residual liquids 

intruded into earlier cumulate sequences. 

A few of the analyzed diabases and basalts may be related by 

fractional crystallization. Samples considered as 'parents' and 

residual liquids were selected on the basis of increasing FeO/MgO+FeO 

ratios and increasing REE contents. Compositions of cumulus phases 

(Himmelberg and Loney, in press) and typical phenocrysts from 

MORBs were used in the least squares mixing program of Wright and 

Doherty (1970). The results of these calculations are listed in 

Table 7. Samples CMG162, OC244, and CMG124A were treated as 

parental to one or more of the other, more differentiated samples. 

The residuals are a result of the 'parent* liquids being too low in 

2 . 
Na O and TiO , and too high in FeO and SiO . However, £R is 

m* Z Z 

acceptably low in many cases, and indicates good mathematical fits. 

The main purpose of these calculations was to obtain reasonable 

estimates of the fractions of residual liquid and phases removed, 

to later be used in REE fractionation calculations. The equation 

given earlier for Rayleigh fractional crystallization was used to 

calculate the concentrations of the REE in residual liquids. 
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Concentrations in the parental liquids (C^’s) used were those 

measured in samples CMG162, 0C244, and CMG124A. Two sets of 

mineral/liquid D’s were used. The results of this effort are 

listed in Table 8 in the form of ratios of the concentrations of 

REE calculated in residual liquids to those actually measured in 

the samples considered to be residual liquids. 

The ratios listed in Table 3 merit some discussion. The 

quality of fit of the fractionation models is best when the ratios 

are close to unity. Any one model is considered to be reasonable 

if the ratios are respectively greater and less than 1.0 for the 

different sets of distribution coefficients. If all ratios are 

less than 1.0, then the fraction of residual liquid and/or the 

distribution coefficients were too high. The opposite is true if 

all ratios for any parent-daughter pair are greater than 1.0. It 

is also apparent in Table 8 that for any single model, the ratios 

are not equal for all the elements. This is partly due to some 

irregularities in the REE patterns of the ’parent* and ’daughter’ 

samples. In a few cases, the ratios generally increase or decrease 

from La to Lu, indicating that the calculated patterns are respectively 

more or less LREE-depleted than those actually observed in the ’daughter’ 

samples. In the models with diabase CMG162 as a parental liquid, 

samples CMG166, OC259, CMG207, and CMG49 represent successive 

differentiated residual liquids. If these samples constitute a 

hypothetical fractionation sequence, by referring to Table 8, it 

may be seen that the ratios throughout the 'sequence* display 

several of the different effects discussed above resulting from 

lack of fit. It is unreasonable to explain these inconsistencies 
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by differences in D’s between each of the models in the sequence. 

Thus, it is inferred that these samples are not comagmatic. It is 

likely that fractionation operated, but the samples selected for 

modelling are not necessarily on the same liquid line of descent. 

Partial Melting 

Harzburgites at Canyon Mountain may be a partial melting 

residue, but a genetic relationship with the overlying cumulate gabbros 

may never be established with certainty. Plagioclase and amphibole 

that occur locally as small pockets within the harzburgite may 

represent trapped melt or may have been metasomatically introduced 

(Uimmelberg and Loney, in press). As in many other ophiolites, 

lherzolite is rare in the ultramafic unit at Canyon Mountain. 

In addition to the stratigraphic and outcrop relations of 

gabbros, diabases, and basalts, the major and trace element compo¬ 

sitions of samples analyzed in this study suggest a more or less 

open system subject to frequent invasions of new magma. The chondrite- 

normalized REE abundances are not correlated with major-element 

compositions or stratigraphic height. For example, diabase OC256 and 

diabasic gabbro CMG124A occur high in the sequence and are among the 

samples having the highest REE abundances, but are also highest in 

MgO content. 

Partial melting calculations were carried out using the REE 

abundances in several samples to test the hypothesis that they were 

created by partial melting of an ultramafic source. The diabases, 

diabasic gabbros, and basalts have higher FeO/MgO ratios and SiO^ 

contents.than oceanic tholeiites. These samples are probably not 
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representative of primary melt compositions, but are somewhat 

fractionated. Fractional crystallization involving olivine, plagio- 

clase and clinopyroxene has occurred as evidenced by the nature of 

the associated cumulate gabbros. To test a partial melting origin 

of the basaltic magmas, it is desirable to first make allowances for 

differentiation of these magmas. Using data for Ni and MgO contents 

of the analyzed basaltic rocks, and assuming that they were derived 

from primitive MORB-like tholeiites (-300 ppm Ni, 10-12% MgO) mainly 

by olivine fractionation, estimates of the degrees of fractionation 

were made. Trends of Ni vs. MgO with olivine fractionation (shown 

in Figure 50) were calculated using the distribution coefficients 

of Roeder and Emslie (1970) for FeO and MgO in olivine and liquid, 

and those of Hart and Davis (1978) for the compositionally dependent 

partitioning of Ni between olivine and liquid. Considering the 

trends in Figure 50, only 10-25% of olivine by volume may have been 

removed from hypothetical primary melts to arrive at the compositions 

of the analyzed samples. The REE abundances of the analyzed samples 

were corrected (lowered) for olivine 'dilution1 since olivine 

essentially does not incorporate the REE. These adjusted 'parental' 

magma REE contents may be reasonable first approximations for the 

purpose of calculations, but it must be kept in mind that: 

(1) olivine may not have been the sole fractionating phase, and 

(2) the true amount of residual liquid that these samples represent 

is indeterminate. 

Several models for partial melting mechanisms are possible. The 

mechanism of fractional melting, where liquid is continuously removed, 

has previously been discussed. Dynamic melting involves the 
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FIGURE 50, Calculated trends for Ni vs, MgO resulting from olivine 
fractionation. The KD for FeO and MgO in olivine and melt 

of Roeder and Emslie (1970) was used in conjunction with 
the formula of Hart and Davis (1978) for calculating 

Djji for olivine vs, liquid at successive increments of 
removed olivine and changing melt composition. Four 
possible primary melt compositions were assumed, i.e., 
10% or 12% MgO and 300 or 500 ppm Ni. Small numbers 
and points on the curves indicate the volume of olivine 
removed. Open circles are plots of actual diabases from 
Canyon Mountain for which Ni data were available. 
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incomplete removal of melts produced after various degrees of 

fusion with some melt remaining behind in the residue (Langmuir 

et al, 1977)* Since melt removal is probably controlled by various 

factors including porosity and surface tension, this model is 

realistic, although inconvenient to use* There are also numerous 

variable parameters which must be arbitrarily specified to apply 

this model. For practical reasons the model of equilibrium 

non-modal (or 'batch1) melting was used to evaluate the origin 

of Canyon Mountain diabases and basalts* The equation of Shaw 

(1970) expressing the concentration of an element in the melt 

(C.) versus that in the source (C ) has been given in the previous 
L o 

chapter* The concentration in the residual solid (C ) is: 
s 

C (D-PF) 
C *  2  
s (1-F)(D+F(l-P)) 

A range of melting proportions (P^'s), mineral/liquid distribution 

coefficients (D^'s), and source modes (all listed in Table 9) 

were used to calculate the ratios C_/C for REE at different 
L o 

degrees of melting. The REE contents of selected samples were 

adjusted to account for olivine fractionation as explained above, 

and were then input as values of C to calculate concentrations 
L 

of the REE in the source (C ) and residue (C ) for 5 samples. 
o s 

The results are graphically shown in Figures 51 through 55. 

The source lithologies that were tested include Iherzolites, 

feldspathic Iherzolites, and garnet Iherzolites. Garnet lherzolite 

source models were considered for only two samples. Calculated 
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TABLE 9 

UPPER MANTLE ASSEMBLAGES AND MELTING PROPORTIONS USED 
IN PARTIAL MELTING CALCULATIONS FOR BASALT GENESIS 

Rock Type Source Modes (X*s) Melting Proportions (P* s) 

oliv/opx/cpx/ X^- oliv/opx/cpx/ 

lherzolite .50/.25/. 

lherzolite .65/.20/. 

feldspathic lherzolite .50/.20/. 

feldspathic lherzolite .60/.15/. 

feldspathic lherzolite .50/.15/. 

garnet lherzolite .50/.25/. 

garnet lherzolite .50/.25/. 

Notes to Table 9: 

X « garnet or feldspar 

^ (Kushiro, 1968, 1969) 

^ (estimated) 

25/0 .20/.20/.60/0z 

15/0 .20/.20/.60/02 

20/.10 .10/.10/.40/.403 

15/10 same 

15/.20 same 

20/.05 .05/.15/.40/.404 

22/.03 same 

4 
(Leeman et al, 1977) 



FIGURE 51, Chondrîte normalized REE patterns of sources and 

residues ( ^ ) calculated in partial melting models 

for diabase OC244. Assumed sources lithologies are 

lherzolite (A) and feldspathic lherzolite (B), 

The possible ranges of REE patterns as shown are 

a result of a range of different source modes assumed 

(see Table 9) and the assumed range of fractional 

melting (5-25%), The observed REE pattern (solid 

line) of 0C244 is shown for reference along with the 

REE pattern as corrected for olivine 1 dilution* 

(dashed line) as explained in the text* The lowered 

REE pattern was used to calculate the REE abundances 

in hypothetical sources and residues as illustrated. 
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FIGURE 52. Chondrite normalized REE patterns of sources (. ^ ) 

and residues ( ^ ) calculated in partial melting models 

for diabase CMG162 as in Figure 51. 



FIGURE 53. Chondrite normalized REE patterns of sources ( ) and 

residues ( ) calculated in partial melting models for 

diabase OC256 as in Figure 51 and 52. Shaded ranges 

of REE patterns are for sources and residues calculated 

for the observed REE pattern of sample 0C256 (solid lines). 

The REE pattern of OC256 corrected for olivine 

fractionation and the corresponding ranges of REE 

possible in sources and residues are shown with dashed 

lines to illustrate the net effect of this correction, 

which was used'in all other modelsr as well. 
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FIGURE 54. Chondrite normalized REE patterns of sources 

and residues ( ^ ) calculated in partial melting models 

for basalt CMG32. The observed REE pattern (solid line) 

for CMG32 is shown for reference along with lower values 

(dashed line) as corrected for olivine fractionation as 

explained in the text. The lowered REE sample pattern 

was used in calculating REE abundances in hypothetical 

sources and residues. Assumed source lithologies are 

Iherzolite (A), feldspathic Iherzolite(B), and garnet 

lherzolite (C). The possible ranges for these as 

illustrated are a result of a range of different 

source modes and the ranges in fractional melting 

(5-25% in A and B, 2-12% in C) assumed in* the models. 
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FIGURE 55. Chondrite normalized REE patterns of sources ( § ) 

and residues ( ^ ) calculated in partial melting 

models for basaltic andesite CMG146B as in Figure 54. 

The observed REE pattern (solid line) for CMG146B 

is shown for reference along with lower values 

tdashed line) as corrected for olivine fractionation 

as explained in the text. 
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REE abundances for Iherzolite sources and the depleted residues 

are closely similar to those measured in Iherzolites and harzburgites 

from ophiolites and Alpine-type ultramafic massifs (See: Frey 

et al, 1976; Loubet et al, 1976; Kay and Sénéchal, 1976; Menzies, 

1976; Menzies et al, 1977b). 

An immediately obvious feature of the calculated source REE 

patterns is their depletion in LREE. Calculated REE patterns for 

Iherzolite source lithologies are more depleted in LREE than those 

for feldspathic Iherzolite sources. The REE patterns are lower in 

abundances for more olivine- and orthopyroxene-rich sources. For 

greater melt fractions (25%), the calculated sources as shown in 

Figures 51 through 55 must be higher in REE (up to 4-5 times 

chondrites for HREE) to yield the diabases and basalts by partial 

melting. Two sets of mineral-liquid distribution coefficients were 

used (See Appendix 7). For larger melt fractions, the calculated 

source patterns were much more tightly constrained and the wide 

range of D's used had little effect. The opposite is true for REE 

concentrations in the residues: for a greater melt fraction, a much 

wider variation in REE is possible in the residue. For the purpose 

of illustration, however, the total ranges of source and residue 

REE patterns possible for fractions of melting ranging from 5-25% 

are shown in Figures 51 through 55. Disregarding the contribution 

of the 2 sets of D?s and the different source modes, ranges of 

hypothetical REE concentrations in the source should be more narrow 
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if: (1) the samples are comagmatic, and (2) if the corrections for 

olivine fractionation are accurate. It is apparent that after this 

correction to presumably the same initial MgO contents, there are 

yet differences in REE abundances that imply different degrees of 

partial melting or differences in the relative overall enrichment in 

the source. 

The REE patterns of samples CMG32 and CMG146B are somewhat 

depleted in the HREE, and calculated REE contents for Iherzolite and 

feldspathic Iherzolite sources reflect this feature (See Figures 

54 and 55). A small amount (up to 5%) .of garnet in a Iherzolite 

source model results in flattened HREE patterns (shown in Figures 

54 and 55) which are considered more reasonable on the basis of their 

improved similarity to REE patterns observed in ophiolitic and 

Alpine-type ultramafic rocks. In this model, samples CMG32 and 

CMG146B cannot have been generated by very large degrees of partial 

melting since there must be garnet in the residue to suppress 

the incorporation of HREE into the melt. With the exception of the 

garnet Iherzolite source patterns for CMG32, the calculated 

source patterns for samples CMG146B and CMG32 are more depleted 

in the LREE when compared to those calculated for other samples. 

All other factors being equal, this relationship indicates that 

CMG146B and CMG32 source materials may have been subjected to 

previous or more extensive melting events. 

Consideration of the observed REE patterns and calculated 

source and residue patterns in Figures 51 through 55 leads to the 

following deductions: (1) the more LREE-depleted sources suggested 

for samples CMG32 and CMG146B are unlike calculated residues from 
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partial melting that may have produced the other samples, and 

(2) Iherzolite residues remaining after depletion of garnet and 

production of the parental melt of CMG146B would be far too depleted 

in the LREE to yield REE abundances seen in the other samples except 

at lower degrees of melting (less than 5%). Single-stage partial 

melting models serve to illustrate possible differences in mantle 

sources, but are probably too simplistic to provide more exacting 

constraints as to the origin of the basic rocks. More complex 

models are probably more realistic. For example, remelting of 

an earlier residue that retained a portion of an earlier melt could 

give rise to patterns such as those seen in samples CMG32 and 

CMG146B. 

To summarize, the differences in mantle source lithologies and 

source REE patterns required to explain the diabases and basalts by 

partial: melting suggests that several independent magmas contributed 

to the development of the ophiolite complex. Lacking REE analyses of 

the ultramafic rocks at Canyon Mountain, it is impossible to 

determine whether or not successive batches of magma were produced 

by partial melting of these rocks in particular. If the ophiolite 

complex as a whole represents a crustal section, temperatures were 

likely too low at such shallow levels to induce partial melting 

87 86 
of ultramafic rocks. Initial Sr/ Sr ratios of 0.7031 to 0.7044 

in gabbros, trondhjemites, and keratophyres, contrasted with values 

of greater than 0.708 measured in clinopyroxenes from pyroxenite 

in the ultramafic unit, and led Lanphere (1973) to conclude that 

the ultramafic rocks have had a different history from the 

remainder of the ophiolite. These data, along with other lines of 



143 

reasoning above, suggest that the ultramafic rocks at Canyon Mountain 

are a fragment of mantle independent in origin from the overlying 

gabbros, basic rocks, plagiogranites, and keratophyres. 

Summary 

All indications cure that the cumulate gabbros, isotropic gabbros, 

diabases, basalts, and basaltic andesites are genetically related 

and record a complex magmatic history for this portion of the 

ophiolite. Partial melting calculations have shown that the diabases 

and basalts were derived from somewhat different mantle source litho¬ 

logies, This observation coupled with the failure to demonstrate 

a comagmatic relationship by fractionation of a common parent magma 

is evidence that several independent batches of magma were involved 

in the development of the ophiolite. A model is suggested in which 

an established magma chamber was periodically replenished with 

primitive melts. These may have undergone independent fractional 

crystallization, may have mixed to some extent with residual liquids 

derived by fractional crystallization of earlier magmas, or may 

have simply intruded earlier solid cumulate rocks. All of these 

processes may explain the variations in the basic rocks analyzed in 

this study, although specific processes cannot be uniquely 

demonstrated for individual samples. 



THE KERATOPHYRES - PETROLOGIC CHARACTER AND ORIGIN 

Keratophyres, quartz keratophyres, and minor spilites are most 

abundant in the uppermost exposed portion of the complex, and are 

intruded by diabase, basalt, and plagiogranites. With the exception 

of the flowbanded intrusive keratophyres described earlier that are 

apparently contemporaneous with the plagiogranites, the remainder 

of the keratophyre section predates the ophiolite complex. This is 

in agreement with Thayer (1973), who recognized that the large 

section of keratophyres was host rock or country rock. 

Keratophyres in other ophiolites display different relationships 

with rocks of the ophiolite. In the Fidalgo Island ophiolite, Brown 

et al (1979) consider the plagiogranite and keratophyre to be 

cogenetic, and neither are believed to be related to the underlying 

cumulate gabbro. Keratophyres in the Del Puerto ophiolite (Evarts, 

1977) are gradational from underlying plagiogranites and spilites, 

and are conformably overlain by volcaniclastic sediments. Evarts 

(1977) considers the keratophyres to be the end products of 

fractional cyrstallization of basaltic magma also responsible for 

the cumulate gabbros in lower portions of the ophiolite sequence. 

Keratophyres from Canyon Mountain may not be genetically 

related to the plagiogranites for two reasons: (1) the volume of 

the keratophyres is much greater than that of the plagiogranites, 

diabases, or basalts, and (2) the keratophyres are much more depleted 

in LREE than the plagiogranites and many of the basic rocks, posing 

difficulties for fractional crystallization models. Many authors 

support a'primary origin for spilites, keratophyres, and quartz 

144 



145 

keratophyres by fractionation of silicic magmas (Gilluly, 1935; 

Schermerhorn, 1973) or of low-K^O basaltic magmas (Vallier and 

Batiza, 1978) . Others attribute the high SiO^ and Na^O contents and 

low K^O contents to metasomatism or seawater alteration (Hamilton, 

1973; Donnelly, 1966; Hughes, 1973; Brown, et al, 1979). Formation 

of secondary minerals such as those described earlier in the Canyon 

Mountain keratophyres may have had little effect on the bulk 

chemistry and textures. If this is true, the keratophyres are 

texturally and chemically very similar to dacites in island arcs 

(See: Bryan, 1979; Tomblin, 1979), although the REE abundances 

in the Canyon Mountain keratophyres are much more depleted in LREE 

than those of dacites from island arcs (See Figures 23 and 41) . 

Keratophyres demonstrably of island arc origin from the Virgin Islands 

Islands display flat to light-enriched REE patterns (Donnelly and 

Rogers, in press). These could be due to alteration, but descrip¬ 

tions of these samples indicate that they are mineralogically very 

similar to keratophyres at Canyon Mountain, in which case it is 

difficult to explain the consistent, dramatic depletion of LREE in 

the Canyon Mountain keratophyres. It is concluded that the large 

section of keratophyres in the Canyon Mountain complex is not in 

any way genetically related to the Canyon Mountain ophiolite proper, 

but instead may represent the hypabyssal portion of an island arc 

or back-arc basin formed prior to the magmatic activity represented 

by the gabbroic cumulates, basic rocks, and plagiogranites. 



SUMMARY AND CONCLUSIONS 

Origin of the Canyon Mountain Ophiolite: 

Petrologic and Physical Models 

Any physical model for the Canyon Mountain ophiolite must 

attempt to explain the results of the preceding sections concerning 

the origins of the plagiogranites and basic rocks. To recapitulate 

briefly, these are: (1) differences in lithology and trace element 

abundances are indicated for mantle sources which could have 

yielded the basic rocks at Canyon Mountain by partial melting, 

(2) the ophiolite was an open system throughout most of its history, 

since cyclic cumulate variations and repeated replenishment with 

new magmas is evident, and (3) water must have been present in the 

system to account for hornblende in high-level gabbros in plagio¬ 

granites, and to effect the proposed partial-melting origin for the 

plagiogranites. Physical and petrologic models for the origin of 

the Canyon Mountain ophiolite will be discussed in terms of three 

tectonic models generally proposed for ophiolites. These include: 

(1) island arcs, (2) mid-ocean spreading centers, and (3) marginal 

or back-arc basin spreading centers. 

The suggestion has been made that some ophiolites may represent 

the roots of island arcs (Miyashiro, 1973) or were at least proximal 

to an island arc (Upadhyay and Neale, 1979). A few characteristics 

of the Canyon Mountain ophiolite support this possibility. An 

island arc setting may be subject to smaller tensional stresses as 

compared to a spreading center and this would help explain the lack 

of sheeted dikes normal to structures in the gabbroic cumulates. 

146 



147 

Intrusions in the form of sills may be favored, and these could 

intrude the subvolcanic structure. Although the age gap between 

the keratophyre country rocks and the remainder of the ophiolite is 

unknown, the keratophyres could represent the basal, subvolcanic 

portion of an island sure. The plagiogranites at Canyon Mountain 

show many similarities to low-K^O island arc plutonic rocks. The 

basic rocks in this study bear at least a superficial resemblance 

to primitive island arc tholeiites. 

Island arc volcanism is thought to be the result of Benioff 

zone magmatism. According to some models, magmas may result from 

partial melting of hydrous peridotite during diapiric uprise. The 

ultimate source of the water is from the breakdown of hydrous 

minerals in the subducted slab at depths less than 100 km and 

possibly from serpentine or phlogopite at greater depths (Ringwood, 

1974). Experimental work on andesite genesis and the partial 

melting of peridotite has resulted in conflicting views concerning 

magma genesis along Benioff zones. One basic problem is that if 

basaltic andesites to andesites are produced by direct partial 

melting of peridotite, the rise of these magmas is impeded by their 

reaching solidus conditions upon release of load pressure, 

decrease of arK* exsolution of H^O, ^on9 before reaching the 

surface. A further drawback to this process is that temperatures 

in the upper mantle overlying the subduction zone may not be high 

enough to maintain liquidus conditions at depths less than 

50-60 km (Toksoz et al, 1971). Liquid compositions are thought to 

be strongly controlled by vapor phase composition (Eggler and 

Holloway, 1978). With increasing degrees of partial melting however, 
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the relative volume (and effects), of volatiles diminish, and 

tholeiitic rather than more Si-undersaturated compositions may result 

(Eggler and Holloway, 1978). 

Partial melting under these conditions beneath an island arc 

could have given rise to magmas that formed the Canyon Mountain 

ophiolite. Evidence for a primary hydrous component in the cumulate 

gabbros is provided by the presence of intercumulus hornblende and 

phase compositions yielding temperatures of about 1000°C (Himmelberg 

and Loney, in press). The gabbros may represent a stagnant (no 

longer mobile) magma above a subduction zone; however, replenishment 

by new melts is suggested by the compositional data and is a desirable 

source of additional heat to initiate melting of hydrous basic rocks* 

With time, source rocks in the mantle wedge would become more and 

more depleted in LIL elements. Calculated REE patterns of hypothet¬ 

ical sources are fairly uniform, and with a few exceptions, there 

is no consistent decrease in, for example, La/Sm ratios in basic 

rocks upsection. The low to moderately high Ti contents of the 

basalts and diabases are not correlated with the REE contents and 

may be indicative of repeated partial melting of new sources, each 

only slightly depleted in LREE and Ti. This is difficult to 

visualize in association with a static island arc front. 

Several characteristics of the Canyon Mountain ophiolite may 

be compatible with a mid-ocean ridge origin. The overall gross 

similarity of the REE abundances of the plagiogranites and basic 

rocks to those of oceanic plagiogranites or MORBs is evident. 

Cyclic variations in the cumulate sequence and variations in REE 

contents of diabases and basalts are in accord with a steady-state 
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model of more or less continuous magma supply. The magnitude of 

variations in La/Sm ratios is on the order of that observed in 

MORBs by Langmuir et al. (1977), who explained this in terms of 

complex and varied partial melting processes. The maximum TiO^ 

content of unfractionated, crystal-free island-arc tholeiites 

appears to be less than the minimum for primitive MORBs (Blanchard 

et al, 1976; Sun and Nesbitt, 1978). It may be suggested, with 

some reservation, that the generally higher TiO^ contents in Canyon 

Mountain diabases and basalts indicate oceanic affinities of these 

rocks. 

The processes of continuous magma supply, mixing, and 

fractionation are commonly observed at mid-oceanic spreading 

ridges (Prey et al, 1974; Blanchard et al, 1976; Bryan et al, 1976; 

Langmuir et al, 1977). Trace element variations are often greater 

them those seen in major elements, especially PeO and MgO, and this 

phenomenon must ultimately be related to variations in the partial 

melting processes that produced the MORBs. Continuous replenishment 

of new, primitive magmas produced by partial melting must be 

accompanied by continuous removal of the residua and its replacement 

with new, more 'fertile1 sources. Convection processes postulated 

for mid-oceanic ridges may explain this, although there remain 

several unanswered questions as to the nature and possible chemical 

stratification of the suboceanic upper mantle, and the timing of 

the convection cycles. 

At a mid-ocean ridge, the water necessary for the proposed 

partial melting origin of the plagiogranites is more likely to be 

derived from overlying hydrothermally altered rocks rather than 
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mantle melts* This is strongly indicated by the oxygen isotope 

data for Gregory and Taylor (1979). Hydrothermal penetration to 

depths as great as 5 km required in this model would be aided by 

fractures, which would be more prevalent at a fast spreading ridge. 

The influx of new primitive magmas plus the observed high heat flow 

of present-day spreading ridges could provide adequate sources of 

heat for such high-level partial melting to yield plagiogranite. 

A few problems arise in postulating a mid-ocean ridge origin 

for the Canyon Mountain ophiolite. Sheeted dikes expected in a 

tensional regime characteristic of rifting are absent at Canyon 

Mountain. However, the presence of sheeted dikes may be dependent 

on relatively fast spreading rates. Sill complexes such as those 

at Canyon Mountain may be typical of slow or incipient spreading 

centers with minimal active rifting (Hopson, 1980). Closed-system 

fractionation resulting in plagiogranites would be more likely in 

slow spreading centers (Stern, 1979), however open-system activity 

as indicated within the basic rocks of the Canyon Mountain complex 

and the significant volume of plagiogranites would seem to preclude 

this possibility. Certain shallow plagiogranite intrusives in the 

Oman ophiolite have been suggested to be associated with seamount 

volcanic structures (Alabaster and Pearce, 1979). Seamounts occur 

in the large ocean basins today, but appear in higher concentrations 

in marginal basins (Hawkins, 1977). Finally, the large section of 

keratophyres, possibly subvolcanic in nature, is difficult to 

explain in regard to a mid-ocean ridge setting. 



151 

Conclusions 

Several of the apparent contradictions involved in discussing 

mid-ocean ridge and island arc models may be resolved by postulating 

the origin of the Canyon Mountain complex as having occurred at a 

spreading center in a back-arc, or marginal basin. If such a 

spreading center was not initiated immediately after subduction, 

island arc volcanics, now represented by the keratophyres, may have 

accumulated in a back-arc basin. It may be possible for sub- 

aqueously erupted and emplaced silicic lavas to behave more fluidly 

due to retention of volatiles under higher confining or water 

pressures and thus flow for some distance (Cas, 1978). The upper¬ 

most oceanic crust in the early back-arc basin would previously have 

been hydrothermally altered- Marginal basin spreading centers are 

thought to be characterized by fast spreading rates, and as 

explained above, further hydrothermal alteration could be possible. 

However, sheeted dikes expected to form in such a high tensional 

regime are lacking at Canyon Mountain. Although the combined 

thicknesses and indicated volumes of cumulate gabbros, plagiogranites, 

and basaltic sills are comparable to those of other ophiolites, 

extrusive basic lavas or pillow basalts are also absent at Canyon 

Mountain. It is possible that the overlying keratophyres prevented 

extrusive activity. The subhorizontal structure of the keratophyres 

may have exerted considerable influence on the intrusive activity, 

resulting in a sill complex. With time, magmatic activity may have 

penetrated the keratophyres, although basic intrusives are pro¬ 

gressively more rare upsection through the keratophyres. Based 
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on these relations, magmatic activity may have ceased before 

back-arc spreading was fully initiated. The magmatism may have 

been diffuse and not localized, but did contribute to the 

development of the Canyon Mountain ophiolite. It is therefore 

suggested that the Canyon Mountain ophiolite complex comprises 

a section of former back-arc or marginal basin crust representative 

of incipient, though short-lived spreading activity. 

With regard to Canyon Mountain, this scenario implies that a 

portion of the complex must be older oceanic crust predating 

marginal basin spreading. The ultramafic unit and the somewhat 

deformed metacumulates within the complex may represent such older 

oceanic basement, whereas the undeformed cumulate gabbros, diabases, 

basalts, plagiogranites, and keratophyres may have been created in 

a marginal basin setting. The pre-emplacement structures described 
» 

by Ave Lallemant (1976) in the ultramafic rocks and the metacumulate 

rocks originated during formation and diapiric uprise at the oceanic 

or back-arc spreading center. The remainder of the complex 

is remarkably intact and many portions were relatively unaffected 

by deformation during emplacement, presumably in a subduction melange. 

Tectonic Implications 

The Canyon Mountain complex is included in the Central 

Melange terrane, believed to be dismembered oceanic crust (Vallier 

et al, 1977; Brooks and Vallier, 1978; Dickinson, 1979). Structural 

and stratigraphic relations have confined the age of rocks in the 

Central Melange terrane to the Permian and Triassic. Plagiogranites 
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at Canyon Mountain have yielded K/Ar and Ar/ Ar dates of 

250-262 mypb (Ave Lallemant et al, in press, M. A. Lanphere, cited 

in Ave Lallemant, 1976, and in Thayer, 1977) and a preliminary 

zircon U/Pb date of approximately 274 mypb (N. Walker, pers* comm., 

1980) . These may be considered minimum ages of the complex, since 

the plagiogranites are among the youngest rocks present in the 

ophiolite. 

The keratophyres clearly predate the plagiogranites and may be 

correlative with other Lower Permian rocks in eastern Oregon and 

western Idaho. Formations of Permian age in the Seven Devils Group 

are principally arc-derived volcanic and volcaniclastic rocks, 

including spilites and keratophyres. Rocks of the lowermost Clover 

Creek Greenstone may also be coeval with the Canyon Mountain 

keratophyres. 

Rocks of the Central Melange terrane are unconformably overlain 

by Upper Triassic clastic sedimentary and volcaniclastic rocks. 

Locally, these are represented by basalt breccias and turbidites 

of the Vester Formation and the Aldrich Mountains Group. The 

Fields Creek Formation, lowest in the Aldrich Mountains Group, 

rests unconformably on the Vester Formation, and includes several 

horizons of olistostromal breccias containing blocks of serpentine, 

amphibolite, and plagiogranite (Vallier et al, 1977). These 

strata are local equivalents of the Mesozoic Clastic terrane, 

as defined by Dickinson (1979). Thus, the Canyon Mountain complex 

was uplifted and exposed to submarine erosion by Middle to Late 

Triassic time. 

An Early to Middle Triassic hiatus is also apparent within the 
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Seven Devils Group. Paleomagnetic data indicate that the Lower 

Permian and Upper Triassic volcanic arcs represented by Lower Permian 

and Upper Triassic rocks in the Seven Devils terrane were formed 

south of the Permo-Triassic equator (Jones et al, 1977, 1978). 

Rocks of Permian age have not been found within the Huntington Arc 

terrane. 

The Sparta ophiolite complex has been dated radiometrically at 

215-223 mypb (Vallier et al, 1977? Ave Lallemant et al, in press), 

and was formerly considered to be part of the Central Melange 

terrane. On the basis of petrologic and geochemical data, Phelps 

and Ave Lallemant (in press) propose that the Sparta complex 

formed in an island arc. The nature of the contact with the over- 

lying Upper Triassic Clover Creek Greenstone is unclear, but 

appears to be intrusive (Brooks, 1979). Ave Lallemant et al. 

(in press) conclude that the Sparta complex is part of the exotic 

Seven Devils terrane, consisting of both Permian and Upper 

Triassic rocks as mentioned earlier. Mixed Tethyan and North 

American fossil faunas found in blocks in the Central Melange terrane 

are strong evidence that this terrane is also exotic (Ave Lallemant 

et al, in press). 

The keratophyres at Canyon Mountain were probably deposited 

in some sort of marginal or back-arc basin coevally with Permian 

arc volcanics of the Seven Devils Group. The Canyon Mountain 

ophiolite is interpreted as the result of magmatism associated with 

incipient back-arc spreading, and was formed some distance from 

the ancestral North American continent during Permian time. 

Local stratigraphic relations indicate that the Canyon Mountain 
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complex may have comprised part of an uplifted melange ridge during 

Early to Middle Triassic time in response to subduction from the 

west; melange ridges cure common in arc-trench gaps, and in this case, 

may have provided a source for Late Triassic filling of a possible 

forearc basin to the east (Dickinson, 1979). Upper Triassic rocks 

of the Huntington Arc and Seven Devils terranes may represent the 

arc volcanism related to eastward subduction at this time. 

The Seven Devils terrane and the Central Melange terrane are 

both exotic and may be considered one terrane (Ave Lallemant et al, 

in press). Preliminary paleomagnetic data (Hillhouse, pers. comm., 

1980) obtained on Upper Triassic volcanic rocks from the Huntington 

Arc terrane are similar to the paleomagnetic data for the Seven 

Devils terrane. These results suggest that the Huntington Arc 

terrane is also exotic and may have formed at approximately the same 

paleolatitude as the Seven Devils terrane. 

The Canyon Mountain complex must have formed in close spatial 

association with a volcanic arc from which rocks of the Seven 

Devils terrane were derived in the Permian. These and other 

constraints may be used to speculate tectonic events during Permian 

through Jurassic time which led to the accretion of these 

terranes to the North American continent (See Figure 56). The 

volcanic arc-marginal basin represented by the Seven Devils terrane 

and the Canyon Mountain complex respectively may have formed in 

older oceanic crust above an eastward-dipping subduction zone in 

equatorial paleolatitudes in Permian time. Volcanism ceased 

during Late Permian to Early Triassic time, or perhaps erosion 

removed these younger portions of the record in the Seven Devils 



FIGURE 56. Schematic diagrams depicting two models (A and B) 

for the Permian to Mesozoic tectonic history of 

northestern Oregon. Abbreviations in the diagrams 

are as follows: SDT: Seven Devils terrane; 

CM: Canyon Mountain complex? CMT: Central Melange 

terrane; MCT: Mesozoic Clastic terrane; 

HAT: Huntington Arc terrane; and, NA: North American 

craton. 
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terrane. Plutonic activity related to renewed subduction occurred 

in the Early Triassic as represented by the Sparta complex* 

Proposed deposition of Late Triassic to Late Jurassic strata in 

a forearc basin eastward of the Seven Devils arc is best reconciled 

by postulating a double subduction zone in the Late Triassic 

(See Figure 56a) . Paleomagnetic data mentioned previously, and the 

absence of cratonic materials in Triassic-Jurassic sediments are 

evidence that these terranes were still at a great distance from 

the North American continent. Accretion of the terranes may have 

occurred in the Late Jurassic (Ave Lallemant et al, in press; 

Dickinson, 1979; Dickinson and Thayer, 1978). 

Brooks (1979) suggests that the Huntington Arc terrane may 

be a fragment of the Seven Devils terrane. In the Permian, the 

Canyon Mountain complex, and the Huntington/Seven Devils arc 

terrane may have been created above a west-dipping subduction zone 

(See Figure 56b). The Central Melange terrane and the Mesozoic 

Clastic terrane may respectively represent a melange and forearc 

basin created in association with an east-dipping subduction zone 

in Middle to Late Triassic time. Plutonism resulting from 

subduction zone magmatism occurred intermittently from the Middle 

Triassic through the Late Jurassic; the Idaho Batholith represents 

the latest of these events and has obscured any hypothetical suture 

zones between the North American continent and the Huntington/ 

Seven Devils arc terrane. Left-lateral motion at about this 

time along a transform fault oblique to the accreted terrâmes and 

the edge of the North American continent (See Figure 56b) may be 

an explanation for the present configuration of the four terrâmes 
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(See Figure 1). However, there is presently no firm evidence of 

this type of translational motion- The Seven Devils and Huntington 

Arc terrâmes may be marginally similar on the basis of included 

lithologies and paleomagnetic data, but thus far, neither rocks 

of Permian age nor exotic Tethyan fossil fauna have been found in 

the latter- 
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APPENDIX I 

ANALYTICAL METHODS AND PROCEDURES 

Sample Preparation 

All samples to be analyzed for whole-rock chemistry were first 

sawn into V-thick slabs, and weathered surfaces were removed. 

The slabs were crushed into coarse (up to pea-size) fragments. 

On the average, 6 to 8 ounces of sample fragments were used, more 

for coarse-grained rock samples. The fragments were washed in a 

dilute (1Q%) HC1 bath, in an ultrasonic cleaner. This was 

followed by two successive washings in deionized H^O in the ultra¬ 

sonic cleaner. Between each step, the fragments were thoroughly 

rinsed with deionized H^O, and after the last rinsing, the samples 

were dried in an oven and ground to a powder (approximately 75-100 

microns) ; a steel Spex mill was used to avoid possible Co contamination 

that may occur by using a tungsten mill. 

The method of Brown Q977) was used to prepare fused glasses 

for major-element analysis on the electron microprobe. Small 

amounts C250-35Q mg) of sample powders were fused on Mo strips in 

a virtually oxygen-free Ar atmoshpere (60 p.s.i. pressure). 

Quenching of the glasses was accomplished by rapid flushing with 

Ar at room temperature. The glasses were removed, mounted in 

epoxy, and polished for microprobe analysis. 

Microprobe Analysis 

In all analyses, the operating voltage on the ETEC 

Autoprobe used was 20 KV and the specimen current was .025 to .030 

microamps. A beam diameter of approximately 10 to 15 microns was 
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used. Appropriate mineral standards and U.S.G.S. standard rock 

glasses were used as standards. The data were reduced using the. 

program PROBEG, written by John Wood and modified by Richard Nagy. 

This program performs corrections for absorption, atomic number, 

and flourescence. 

In analyzing pyroxenes and amphiboles, mineral grains in 

thin section proved to be homogenous. From IQ to 20 individual 

point analyses were made on a given mineral in each thin section, 

and from these, the best analyses were averaged. Results are 

tabulated in Appendices 5 and 6. 'Average* standard deviations 

and coefficients of variation are presented in Table Al.l. The 

coefficient of variation ter ) represents the total error, and the. 
cv 

counting statistic to ) represents the analytical error. The 
c 

squares of the errors are additive, and the sampling error ta ) 
s 

may be solved for as follows: 

2 2 , 2 
a = a + a 
cv c s 

a 
s 

2 
a 
cv 

2 
a 
c 

From the data in Table Al.l, it is apparent that the sampling error 

is greater than the analytical error, as is common in most analytical 

studies. This is true also for microprobe analyses of the fused 

glasses (see Table Al.2). 

In determining major-element compositions of samples in this 

study by microprobe analysis of fused glasses, the homogeneity of 

the glasses and the reproducibility of the analyses were important 

concerns. Glasses of U.S.G.s. rock standards BCR-1 and G-2 were 

prepared on Mo strips, as described earlier. Duplicate analyses 



NOTES TO TABLE Al.l 

Standard deviations of n selected point analyses (see 

Appendix 5) were calculated for each sample and were used 

to calculate an average standard deviation s for each 
oxide.. 

The coefficient of variation (c.v.) is the standard 
deviation s divided by the weight % of each oxide. An 

average c.v. for all analyses was calculated. 

Counting statistics are a measure of error and are 
calculated as (total counts)**/(total counts). 
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TABLE Al.1 

Analytical Error in Mineral Microprobe Analyses 

Amphiboles 1 2 Counting 
Average Average Statistics 

Oxide Average wt.% s c.v. (%) (example) 

Na20 1.13 .21 19 6 

MgO 13.4 .54 4 1.4 

6.48 .56 9 1.5 

Si02 48.2 .92 2 1 

V .10 .04 45 7 

CaO 10.6 .27 2.5 1.6 

Ti°2 1.26 .21 17 2 

MnO 0.39 .06 15 6 

FeO 17.5 .75 4 1 

Pyroxenes 1 2 Counting^ 
Average Average Statistics 

Oxide Average wt.% s c.v. C%) (example) 

Na 0 
2 

0.19 .13 70 7 

MgO 15.6 .69 4.5 1.2 

A12°3 
3.27 .63 19 1.7 

Si02 49.5 .84 2 1 

V 0.01 .01 100 8 

CaO 19.4 .74 4 1 

Ti02 .83 .17 20 2 

Cr 0 
2 3 

0.10 .10 100 6 

FeO 9.79 1.34 14 1.3 
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TABLE Al.2 

Statistics and Error Analysis of Microprobe 

Analyses of Fused Glasses 

Sample BCR-1 - Replicate Analyses of a Single Glass 

Oxide 
Analysis 

I s 
Analysis 

ir s mrm
2 t 

Counting 

Statistics(%) 

(examples) 

Na20 2.43 .279 2.48 .239 .05 .360 4 

MgO 3.73 .164 3.70 .133 .03 .378 2 

U 0 13.4 .276 13.2 .121 .20 1.754 1 

Si02 55.6 .554 56.5 .332 .88 3.600 1 

K2O 1.66 .098 1.59 .114 .07 1.230 2 

Cao 6.87 .127 6.82 .201 .05 .556 1.6 

Ti02 2.09 .071 1.92 .068 .17 4.590 1.5 

MnO .19 .026 .19 .028 .00 0.0 6 

FeO 11.1 .238 11.8 .462 .73 3.71Q 1 

n=7 n=7 

Sample G-2 - Replicate Analyses of a Single Glass 

Oxide 
Analysis 

I s 

Analysis 
II s Ym2 t 

Counting 

Statistics C%1 
(.examples). 

Na 0 
2 

2.83 .689 2.46 .603 .37 1.070 4 

MgO .78 .109 .75 .135 .03 .446 4 

Ai ° 15.2 .281 15.8 .980 .59 1.419 1 

sio2 70.2 .971 69.2 1.695 .99 1.274 1 

V 4.55 .168 4.49 .243 .06 .518 1.2 

CaO 2.04 .168 2.08 .621 ■ .04 .152 3 

Ti°2 .39 .053 .52 .245 .13 1.366 3 

MnO .03 .020 .04 .023 .01 .414 9 

FeO 2.19 .150 2.34 .499 .15 .204 2.3 

n-6 n=8 
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TABLE Al. 2 (continued! 

Sample CMG191 - Analyses of Two Separate Glasses 

Prepared from Splits of the Powdered Sample 

Oxide 
Analysis 

I s 
Analysis 

IX s mi~m2 t 

Counting 

Statistics(%) 
(examples) 

Na2° 
1.33 .547 1.61 .820 .28 1.391 5 

MgO .62 .150 .58 .110 .04 1.050 2.5 

Ai 0 15.3 1.440 15.8 1.090 .48 1.302 1 

sio2 72.1 1.660 71.7 2.320 .45 .773 1 

V 
.48 .030 .47 .035 .01 1.080 5 

CaO 3.52 .520 3.77 .580 .25 1.572 2 

TiO. 
2 

.34 .120 .37 .140 .03 .799 3 

mo .06 .078 .07 .020 .01 .597 7 

FeQ 3.50 .330 3.49 .580 .01 .073 1.5 

n=6 n=6 

Notation; 

• s 3 ! sample standard deviation 

n = number of individual microprobe point analyses used 
in average 

m^m^ * difference (.for each oxide) of mean weight % between the 
two analyses 

t - Student t value, a measure of significance of the 
differences in the analyses. The maximum confidence 

interval is 95% in most cases (see text) . 
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consisting of 6 to 8 point analyses each, were performed on the 

standard samples. Resulting analyses compare favorably with-values 

for these rocks reported by Flanagan (.19731. From the results in 

Table A1.2, lower standard deviations for most elements in 

the basalt BCR-1 compared with the results for G-2 indicate that 

glasses prepared from more silicic rocks may be less homogeneous. 

This is most likely related to the higher viscosities of high-Si 

melts which would tend to inhibit efficient mixing and homogenization. 

To investigate reproducibility, the significance of the differences 

between the analyses had to be determined. The weight % of each 

oxide is considered as the mean of a sample population; the 

differences in corresponding means in the duplicate analyses are 

used to calculate the Student t. Values of t were checked against 

statistical tables to determine the maximum confidence interval, 

which was 95% for most oxides in both BCR-1 and G-2. The 

confidence interval is basically the probability that further analyzed 

values will fall between these two means. The Student t test 

failed for SiOTiO^* anc^ Fe0 This was due to the 

rather small standard deviations for these elements in the BCR-1 

glass. Thus, the differences between the duplicate analyses may 

be due to other errors in the analytical procedure. Overall, 

however, the results indicate successful analytical 

reproducibility. 

In more silicic rocks, Na^O values analyzed on the ETEC 

Autoprobe were lower than those measured by atomic absorption or 

by INAA; this phenomenon was possibly caused by diffusion or 

volatilization of Na under the beam. Count rates for Na were 
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observed to fall off with time- Shorter counting times as well as 

lower specimen currents were used to try to raise Na counts to 

levels measured in standards with equivalent amounts of 

Na^O, but these attempts were unsuccessful. Values for Na^O 

and FeO from INAA are more reliable and were used in this study. 

A partial investigation of errors due to sample heterogeneity 

was conducted by splitting powdered sample CMG191, a trondhjemite, 

into two fractions and a fused glass was made from each split. 

Analyses of each glass are listed in Table A1.2. Standard 

deviations are higher than in BCR-1 and G-2, and the Na20 content 

measured by the microprobe is low, however these low Na^O values 

were used for the purpose of calculations. Again, using the 

Student t test, the differences between the analyses of the fused 

sample splits are not significant. Thus, the small 

amounts of powdered sample used in preparing fused glasses on the 

Mo strip heater are fairly representative of the rock sample. 

Contamination of the fused glasses by Mo from the strips on 

which they were prepared was minimal. In many fused samples, 

a few microscopic globules of metal were scattered throughout? 

these were determined to be pure Mo, as counts for other elements 

such as Fe or Mg were below background measured on pure Cu. The 

host glasses of most samples yielded counts below background for 

Mo. A few samples showed possible nonuniform Mo contamination. 

Separate points in these samples yielded counts indicating up to 

Q.5% Mo compared with pure Mo, while other points in the same 

sample yielded no counts above background. Since the contamination 

was nonuniform and difficult to quantify, no corrections were 
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made in the averaged analyses of these particular samples* 

Atomic Absorption 

Sample solutions were prepared by dissolving 25Q mg of sample 

powder in HF and aqua regia* Dilutions were made to bring 

concentrations down to an optimal range for analysis* An excess of 

CsCl was added to both sample and standard solutions to 

minimize ionization inferference. 

The samples were anlyzed for Na 0 and Kn0 contents* In most 
2 2 

cases, results agree with Na^O and K^O values measured by INAA 

and microprobe analysis, respectively. The AA analyses were 

carried out on an Instrumental Laboratories model 250 at NASA-JSC; 

the AA unit was equipped with digital readout and electronic signal 

integration. Samples were first sandwiched between successive 

standard solutions. A strip chart recorder was used rather 

than the digital readout: more precision was achieved by using the 

full vertical range on the recorder for the difference between the 

blank and the standard for each, group. Several solutions of 

U.S.G.S. standards CG2, BCR-1, and AGV-11 proved useful in 

calibrations at higher Na^O and K^O concentrations. Signals were 

integrated at 15 second intervals resulting in a smoothed signal 

output and graphical record* Instrumental drift made frequent 

calibration a necessity, and probably accounted for Na^O and K^O 

values inconsistent with, those measured by INAA and microprobe 

analysis, respectively. 
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INAA 

Neutron activiation analysis for REE and other trace elements 

was performed on 11 samples (approx. 1 g each! at the Radiation 

Center at Oregon State University by W.P. Leeman. The samples were 

irradiated in a TRIGA reactor and the gamma radiation counted on 

Ge-Li detectors. Values measured for FeO, Na^O, REE* and 

other trace elements of standard rocks CRB and BHVO-1 are 

listed in Table Al.3 along with estimated uncertainties for each 

element. 

Twenty samples were analyzed by INAA in the laboratories of 

the Geochemistry Branch, at the NASA Johnson Space Center after 

the method of Korotev (19761. Approximately 30 to 5Q mg of the 

powdered samples and standards were packed into weighed silica 

tubes; these were weighed, heat-sealed, weighed again, and packed 

for irradiation at the Texas A&M University reactor. Afterwards, 

samples were counted on Ge-Li detectors. The results for standard 

rock BCR-1 were used in data reduction. Values for Ce and Tb 

were corrected for interference from neighboring peaks, and 

values for Nd were empirically corrected using the BCR-1 reference 

value. NASA in-house reference values for BCR-1, BHV0-1, and 

DTS-1 are listed in Table Al.3. The averages of replicate, measured 

values for various elements in BHVO-1 and DTS-1 from this study are 

also listed with corresponding standard deviations? these are typical 

of those for unknown samples of which 2 or more analyses 

were made. The coefficients of variation listed are approximately 

equal to the estimated uncertainties calculated for each element 

in each-sample in the data reduction. Estimated uncertainties for 



TABLE Al - 3 

INAA Measurements of Standard Rocks and 

Error Estimates 

INAA Analyses - Oregon State University ^L ^ 
 * 2 estimated 

CRB BHVO-1 uncertainty 

FeO 12.14 11.18 1 
Na20 3.29 2.35 1 
La 24.6 14.8 2 
Ce 54 39.5 5 
Nd 29 28.7 15 
Sm 6.70 6.50 1 
Eu 1.89 2.01 1 
Tb 1.08 1.04 2 

Yb 3.48 1.90 3 

Lu 0.55 0.29 2 
Co 35.6 43.6 1 
Cr 12 283 3 
Sc 32.6 31.9 1 
Ni — 110 ? 

Ta 0.90 1.32 10 

Hf 4.98 4.29 5 

Zr 170 104 20 
Th 5.73 1.04 20 

Ba 670 149 25 

INAA analyses - NASA-JSC 

NASA ref. data Values from this study 

BCR-1 BHVO-1 DTS-1 BHVO-1 s-L c. v.2 DTS-1 s1 c.v.‘ 

FeO 12.10 11.11 7.70 11.28 .09 .80 7.83 .08 1.02 

Na20 3.27 2.25 2.27 .03 1.32 — — — 

La 24.6 15.1 15.24 .32 2.10 — — 

Ce 53.7 38.4 38.80 .71 1.83 — — — 

Nd 30.4 . 25.5 23.92 1.63 6.81 — — — 

Sm 6.80 6.31 6.39 .14 2.19 — — — 

Eu 1.92 2.06 2.04 .07 3.43 — — — 

Tb 1.10 1.01 1.04 .08 7.21 — — — 

Yb 3.37 1.98 2.02 .11 5.44 — — — 

Lu .526 0.29 .299 .003 1.00 — — — 

Co 36.0 43.9 133 44.33 .66 1.49 133.4 .80 .60 

Cr 15.0 266 4014 256.1 15 5.86 3759 366 9.74 

Sc 31.6 30.7 3.3 31.12 .33 1.04 3.33 .06 1.8 

Ni 36.0 104 2390 

Ta 0.91 1.32 1.37 .16 11.7 — — — 

Hf 5.20 4.62 4.69 .06 1.26 — — — 

Zr 190 200 

Th 6.0 1.25 1.26 .05 3.90 — — — 

Ba 675 125 

^ Standard deviation of several analyses.; Coefficient of variation 
(standard deviation/content of element in sample). 
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Table Al. 3 (.continued) 

INAA Analyses - NASA-JSA: Examples of 

in selected 
estimated uncertainty 
samples.* 

Sample Number 

(%) 

Element/oxide BCR-1 CMG162 CMG2 

FeO 1-8 1.8 1.8 

Na2° 1.9 1.8 1.8 

La 2.2 3.8 2.7 

Ce 1.8 5.1 2.8 

Nd 3.3 9.2 4.2 

Sm 1.7 1.7 1.7 

Eu 3.2 4.6 3.9 

Tb 3.1 5.2 3.6 

Yb 3.4 3.5 2.6 

Lu 3.0 3.1 2.5 

Co 2.2 2.2 2.3 

Cr 5.9 4.2 8.0 

Sc 1.8 1.8 1.8 

Ni - - - 

Ta 00
 

• - - 

H£ 3.6 5.4 3.6 

Zr 23.6 - 32.1 

Tb 3.7 13.6 1Q.7 

Ba 12.0 - - 

*Note: Estimated uncertainties are computed by the data reduction 

program and are based primarily on peak resolution. 
The uncertainty is lower for elements present in greater 

amounts in the sample. 
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each peak in each sample are provided in the output, but are too 

numerous to list here. Examples of these uncertainties for 

BCR-1 and two other samples in this study are listed in Table Al.3. 

The estimated uncertainties were high C.up to 100%) for Ba, Tar 

Ni, and Zr, possibly due to poor peak resolution, small sample 

size, and low abundances in the samples. Analyses at Oregon State 

University of the 11 samples above yielded better data for these 

elements. 
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APPENDIX 2 

Sample Descriptions 

Sample No. 

CMG15 

CMG157A 

OC214 

OC224 

OC243 

OC241 

CMG191 

CMG55A 

quartz keratophyre 
quartz (55-60) plagioclase (40) epidote (<5); 

porphyritic: quartz and albite phenocrysts in a 
flow-banded groundmass. 

keratophyre 
quartz (10) plagioclase (75-80) epidote (10); 
porphyritic: albite phenocrysts in flow-banded 
groundmass. 

keratophyre 
quartz (10-15) plagioclase (75-80) epidote (5); 
porphyritic: albite phenocrysts in a felted 
groundmass* 

quartz keratophyre 

quartz (40-50) plagioclase (40-50) epidote (tr.)? 
porphyritic: quartz, albite, and granophyre 
phenocrysts in felted groundmass. 

quartz keratophyre 

quartz (40) plagioclase (40-50) epidote (10) 
opaques (tr.); porphyritic: quartz and albite 
phenocrysts in felted groundmass. 

quartz keratophyre 
quartz (50) plagioclase (45-45) epidote (5-10) 
porphyritic: sparse quartz phenocrysts in felted 
groundmass. 

trondhjemite 
quartz (60) plagioclase (30) biotite (<5) chlorite 
(<5) opaques (<5); hypidiomorphic-granular; zoned 
plagioclase. 

trondhjemite 
quartz (50) plagioclase (40-50) biotite (<5) 
chlorite (tr.); porphyritic: zoned plagioclase 

phenocrysts in granophyric to hypidiomorphic- 
granular groundmass. 

trondhj emite 
quartz (50) plagioclase (50) chlorite (tr.) 

opaques (tr.); granophyric to hypidiomorphic- 
granular. 

0C114 
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Sample No, 

CMG137 

CMG2 

CMG51 

CMG188 

CMG190A 
and 
CMG43A 

CMG142 

CMG174C 

CMG190B 

OC314 

CMG43C 

tonalité 
quartz (25-30) plagioclase (30-35) hornblende (20-25) 
chlorite (5) opaques (tr.); coarse hypidiomorphic- 
granular 

tonalité 
quartz (40) plagioclase (40) hornblende (15-20) 
chlorite (tr.); hypidiomorphic-granular. 

trondhjemite 
quartz (50) plagioclase (45-50) chlorite (<5)? 

hypidiomorphic-granular with resorbed diorite xenolith. 

trondhjemite contact with tonalité 

similar to CMG191 and CMG137, respectively. 

hornblende diorite 
quartz (tr.) plagioclase (60) hornblende (25-30) 
chlorite (5-10) opaques (<5); hypidiomorphic-granular 

with pegmatitic segregations featuring large (up to 
5 mm) hornblende euhedra. 

diorite 
quartz (<5) plagioclase (55-60) hornblende (25-30) 
chlorite (5-10) epidote (<5); hypidiomorphic-granular. 

diorite 
quartz (<5) plagioclase (60) hornblende (20-25) 
chlorite (10-15); coarse hypidiomorphic-granular? 

interstitial quartz with recrystallized mosaic 
texture. 

hornblende diorite 
quartz (tr.) plagioclase (60-65) hornblende (30-35) 
chlorite (<5)? hypidiomorphic-granular. 

hornblende diorite 
quartz (<5) plagioclase (50-55) hornblende (30-35) 

chlorite (< 5); hypidiomorphic-granular. 

fhornblende diorite* (altered gabbro) 

plagioclase (45-50) hornblende (45-50) chlorite (5-10); 

coarse hypidiomorphic-granular; poikilitic hornblende 
encloses pyroxene and a few plagioclase inclusions. 

spilite 
plagioclase (60) chlorite (20-25) epidote (5-10) 

opaques (<5); trachytic to felted texture. 

0C216 
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Sample No. 

CMG227 spilite/metabasalt 
quartz C<5) plagioclase (55) chlorite (30) epidote (<5) 
opaques (<5)? intersertal to intergranular; relict 
amygdales. 

CMG18A basaltic andesite 
quartz (tr.) plagioclase (65-70) clinopyroxene (5) 
chlorite (10) oxides (<10); porphyritic, with relict 
vesicles. 

CMG146D basaltic andesite 
plagioclase (65-70) chlorite (15-20) oxides (10-15); 
porphyritic# with filled ’zoned1 vesicles (see text). 

CMG32 basalt 
plagioclase (55-60) clinopyroxene (20-25) opaques 
(10-15) chlorite (5) epidote (tr.)? intergranular. 

CMG81 basalt 
plagioclase (60-65) clinopyroxene (20-25) epidote (tr.) 
chlorite (5) opaques (10); intersertal to intergranular. 

CMG78C spilite/metabasalt 
quartz (<5) plagioclase (60) chlorite (20) opaques (15) 
epidote (<5); porphyritic intergranular. 

0C244 diabase 
quartz (<5) plagioclase (55-60) chlorite (20) epidote 
(<5) opaques (<5) clinopyroxene (5); intersertal. 

0C256 diabase 
plagioclase (50) clinopyroxene (25-30) chlorite (15-20) 
opaques (<5); intersertal to subophitic. 

0C259 diabase 
plagioclase (45) clinopyroxene (25-30) chlorite (15-20) 
opaques (5); intersertal to subophitic. 

CMG162 diabase 
plagioclase (50) chlorite (45-50) opaques (<5); altered# 
relict intersertal (?) texture. 

CMG166 

CMG207 

diabase/metabasalt 
plagioclase (40) chlorite (35-40) epidote (10-15) 
opaques (5); sparsely porphyritic, aphanitic groundmass. 

diabase 
plagioclase (55-60) clinopyroxene (20) chlorite (15-20) 
epidote (tr.) opaques (5); intersertal to intergranular. 

CMG207 
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Sample No. 

CMG211 diabase 
plagioclase (55-601 clinopyroxene (20-25) opaques (10) 
chlorite (5-10); sparsely porphyritic, intergranular. 

CMG193 diabase 
plagioclase (60) clinopyroxene (20-25) chlorite (<10) 
opaques (<10); intergranular. 

CMG190 gabbro 
plagioclase (50) clinopyroxene (25-30) chlorite (10-15) 
opaques (10)? coarse hypidiomorphic-granular. 

CMG49 quartz gabbro 
quartz (5) plagioclase (55-60) clinopyroxene (15-20) 
chlorite (<10) opaques (5); very coarse 
hypidiomorphic-granualr. 

CMG124A 

OC277 

gabbro 
plagioclase (50-55) clinopyroxene (25-30) chlorite (JLQ1 
opaques (5); porphyritic: plagioclase and ophitic 
pyroxene phenocrysts in a coarse hypidiomorphic-granular 
groundmass. 

troctolite 
plagioclase (65-70) olivine (25) orthopyroxene (5) 
chlorite (<5); adcumulate texture, with 
orthopyroxene rims around olivine, and faint igneous 
lamination expressed by alignment of plagioclase crystals 

OC277 
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APPENDIX 7 

Distribution Coefficients Used in 

Model Calculations 

A, Ultramafic Rocks (Frey et al, 1978) 

element oliv. opx. cpx. plag. gar. 

La .0005 .0005 .02 .18 .001 
Ce .0008 .0009 .04 .12 .0033 
Sm .0019 .0028 .14 .067 .0823 
Eu .0019 .0036 .16 .34 .1333 
Tb .0019 .0059 .19 .058 .257 
Yb .0040 .0286 .20 .059 4.00 
Lu .0048 .038 .19 .061 7.00 

Ultramafic Rocks (Leeman et al, 1977) 

La .007 .005 .069 .18 .004 
Ce .007 .006 .098 .12 .008 
Sm .007 .013 .26 .067 .210 
Eu .007 .014 .26 .34 .420 
Tb .009 .021 .31 .058 1.6 
Yb .014 .056 .29 .059 9.3 
Lu .016 .068 .28 .061 10.5 

B. Basaltic Rocks : - average (Arth , 1976) 

oliv. cpx. opx. plag. amph. spinel 

La .01 .10 .02 .19 .15 .03 
Ce .01 ,15 ,024 . .12 .20 .032 
Sm .01 .50 .054 .067 .52 .053 
Eu .01 .51 .054 .34 .59 .055 
Tb .01 .64 .125 .058 .49 .092 
Yb .01 .62 .34 .059 .49 .12 
Lu .01 .56 .43 .061 .43 .11 

Basaltic Rocks - upper limit (Arth, 1976) 

La .01 .15 .03 .42 .25 .03 
Ce .01 .22 .038 .28 .33 .032 

Sm .01 .74 .10 .17 .94 .053 
Eu .01 .75 .08 .72 1.10 .055 

Tb .01 .93 .22 .19 1.09 .092 

Yb .01 .93 .68 .23 .94 .12 

Lu .01 .92 .82 .24 .92 .11 
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C. Dacitic Rocks - lower limit 

element 
1 

opx. 
2 

aab- Pla9’3 amph.^ 

La • 07 .39 .25 .25 
Ce .082 .51 .19 .40 
Sm .16 .95 .10 1.78 
Eu .13 .68 1.6 2.16 
Tb .28 1.36 .08 2.29 
Yb .73 1.30 .04 1.53 
Lu .76 1.26 .03 1.43 

Notes i: 

1,2 
Schnetzler and Philpotts (.1970) 

3 
average of 10 Crater Lake samples (Radke, unpub. data) 

4 
Manama hornblende, Crater Lake (Leeman, unpub. data). 

oliv. - olivine 

opx. - orthopyroxene 

cpx. - clinopyroxene 

plag. - plagioclase 

gar. - garnet 

amph amphibole 


