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ABSTRACT 

Rare Earth Element (REE) patterns of plutonic rocks 

across the Peninsular Ranges batholith vary systematically 

west to east, transverse t~ the long axis and structural 

trends of the batholith. Three major parallel elongate 

geographic regions are each defined by distinct REE pattern 

types. Rocks from the western region display slight light 

REE enrichment, flat heavy REE, and negative Eu anomalies. 

An abrupt transition to rocks with middle and heavy REE 

fractionated and depleted REE patterns with no or positive 

Eu anomalies occurs in the central region of the batholith. 

Further to the east a second transition to strongly light REE 

enriched rocks some of which have positive or negative Eu 

anomalies occurs. Some gabbros may show divergent patterns. 

These large variations are observed even in similar 

lithologies across the three regions and notably in tonalites, 

the major rock type of the batholith. The slopes of the REE 

patterns within rocks of each region are largely independent 

of rock type, and no consistent variations in REE abundances 

and Eu anomalies with lithology are noted with the exception 

of some gabbros. Most of the leucogranodiorites of the western 

region have larger negative Eu anomalies than nearby tonalites. 

Granodioritic rocks of the central and eastern regions may 

have positive, negative, or no Eu anomalies. 
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These results are the first report of systematic 

variations in REE characteristics across a granitic batholith 

whose geologic setting at a convergent plate boundary has 

been established. Some similarities and contrasts to REE 

variations across modern volcanic arcs are noted. Along 

the westernmost margin of the batholith in northern Baja 

California, Mexico, leucotonalitic rocks of the San Telmo 

pluton display essentially flat REE patterns strongly 

resembling those observed for near-trench volcanic rocks. 

The REE patterns of quartz gabbros and tonalites of the 

western region correspond closely to those of circum-Pacific 

high-alumina basalts. The heavy REE depleted and fraction-

ated patterns observed in the rocks of the central and 

eastern regions of the batholith do not have counterparts 

in oceanic island volcanic arcs, and few counterparts in 

continental margin volcanic arcs. 

The REE variations generally correlate with other 

transverse asymmetries in major petrologic and geochemical 

characteristics. The abrupt depletion and fractionation 

in the middle to heavy REE and elimination of negative Eu 

anomalies appear coupled to an increase in Sr concentration 

and a marked restriction in lithologic diversity. This 

transition occurs over a range of initial 87 sr;
86

sr ratios. 

The light REE enriched rocks of the eastern region are dis­

tinguished from the central and western regions by higher 

initial ratios. Geographic discontinuities in o18o and age 
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distributions in the batholith correlate approximately with 

the REE discontinuities, but locally diverge by the dimensions 

of one or two plutons. 

Determinations of REE abundances in major and trace 

phases of a representative eastern region granodiorite in-

dicate accessory sphene and allanite are the major reservoirs 

of REE in this rock. Hornblende is the only significant 

REE site in the major minerals, and in some batholithic 

lithologies it may be the dominant site. High-level crystal 

fractionations involving hornblende and accessory phases do 

not appear capable of producing the observed geographic 

characteristics. Contamination processes including upper 

crustal material also seem ruled out. 

The REE and other geochemical variations across the 

batholith appear to originate in deep-seated sources. Par-

tial melting in source rocks in which assemblages rich in 

plagioclase give way laterally to garnet-bearing assemblages 

in source regions of broadly basaltic composition which are 

87 86 18 
already zoned in light REE abundances, Sr/ Sr, 0 O, and 

possibly Sr content appears to account for most of the ob-

served features. The geologic context of the source 

material remains largely undefined and may include mantle 

and crustal components . Howe ve r » t he so ur ce regions for 

all parts of the batholith must have bulk compositions 

and phase assemblages capable of producing the dominant 
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tonalite and low-K 2o granodiorite lithologies. This major 

constraint appears to strongly limit the amount of sialic 

crustal material permitted to be present in the source 

regions. The geometry of the convergent boundary appears 

to have determined the elongate form of the batholith, and, 

probably, the general alignment of all the geochemical 

variations along its length. The results of this study may 

be useful in comparing possibly related crust-forming 

processes and products in other orogenic-plutonic terrains. 
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CHAPTER 1 

INTRODUCTION AND PREVIOUS WORK 
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THE PROBLEM OF THE ORIGIN OF BATHOLITHS AT 

CONVERGENT PLATE BOUNDARIES 

Large batholiths exposed by erosion in continental 

margin orogenic provinces, such as the Cordilleran batho ­

liths of western North America, are characterized by many 

features which serve to define their tectonic setting. 

These batholiths form elongate magmatic belts or arcs 

whose external geometry and internal structures parallel 

the regional tectonic grain. They occur in close pro~imity 

to and follow the trend of known or inferred continental 

margins or plate boundaries . They are often paralleled by 

oceanwa rd belts of complexly deformed rock masses in large 

part composed of ocean floor sediments and basalts which 

appear to be tectonically added to the continent at the 

time of batholithic emplacement, and seem analogous to 

modern trench materials . The batholithic arcs are more 

closely flanked by thick a ccumulations of near coeval 

greywacke - turbidite deposits composed o f little weathered 

volcanic and plutonic detritus. 

Modern plate tectonic theory holds that the deforma­

tion and mountain building of orogenic episodes occur 

principally along convergent boundaries . These junctures 

bet we en rigid litho spheric plates are identified in ocean 

basins and at continental margins as active elongate vol-
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canic chains closely associated with oceanic trenches and 

dipping seismic zones. This dynamic tectonic environment 

is the site of plate consumption, intense magmatic ac­

tivity, crustal thickening, deformation, and metamorphism. 

The rapid accumulation of volcanic materials builds an 

emergent arc which sheds debris, forming thick clastic 

deposits on its flanks. The resulting elongate belts of 

volcanic sequences, related plutonic intrusives, and de­

rivative greywacke-rich sedimentary suites are recognized 

as the dominating components of many orogenic terrains, 

young and old. The correspondence in lithologies and 

structures of older orogenic belts and modern volcanic arcs 

allow such belts and the processes fundamental to their 

formation to be related to convergent plate boundaries. 

Some of the most convincing arguments relating batho­

liths to convergent plate margins center about the close 

temporal, spatial, and chemical association of many batho-

liths and orogenic volcanic rocks. In northwestern Baja 

California, field, paleontologic, and geochronologic studies 

(Silver, Stehli, and Allen, 1956; 1963; Silver, Allen, and 

Stehli, 1969) have established an intimate temporal corres­

pondence between a thick volcanogenic sequence and the 

plutons of the Peninsular Ranges batholith that intrude them. 

Jurassic plutonism in the Alaska-Aleutian Range overlapped 

in time with the accumulation of a thick Lower Jurassic 
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volcanic sequence (Reed and Lanphere, 1973); volcanics that 

preceded intrusion of phases of the Sierra Nevada batholith 

are preserved in wall rocks and pendants (Bateman, Clark, 

Huber, Moore, and Rinehart, 1963). 

Petrologic and geochemical asymmetries across modern 

volcanic arcs are now widely recognized and documented, and 

are a fundamental feature 9f these arcs. In a profound 

early work, Kuno (1966) observed a systematic variation in 

basalt type from tholeiitic to high-alumina to alkali­

olivine across the axis of the Quaternary Japanese arc. 

Similar variations have been observed with stratigraphic 

position in other arcs as well (e.g. Gill, 1970). Kuno 

(1966) noted a relation between the chemistry of the vol­

canic rocks and the depth to the seismic zone, and later 

workers have established the generality of this concept for 

oceanic and continental margin arcs. The most emphasized 

chemical variable is the increase in K
2
o relative to Si0

2 

traversing away from the trench, and many trace elements 

appear to vary sympathetically with the major elements, as 

summarized by Jakes and White (1972). The petrogenesis of 

these volcanic rocks is still not well understood, but a 

clear relation between their chemical composition and the 

inherent geometric asymmetry of the subduction zone exists. 

Many workers have emphasized that the volcanics 

associated with batholiths, from Precambrian to Cenozoic, 
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are similar in composition to modern island arcs. The vol­

canic and plutonic suites overlap in composition, although 

the plutonics are commonly more silicic. Most importantly, 

the chemical variations across volcanic arcs have batholithic 

analogues. In fact, petrologic and chemical variations 

across batholithic belts were recognized long before those 

in volcanic arcs; for example, the west to east zonation 

of the plutonic rocks of the North American Cordillera 

(Lindgren, 1915; Moore, 1959). Chemical trends across the 

central Sierra Nevada have demonstrated that K
2
o increases 

absolutely and relative to Si0
2 

eastward (Bateman and Dodge, 

1970). Similar variations have also been shown in the 

Alaska-Aleutian Range batholith (Reed and Lanphere, 1974), 

and in the batholithic rocks of southern California (Baird, 

Baird, and Welday, 1974)o 

Many aspects of the genesis of batholiths and how 

they relate to the subduction process continue to be active-

ly investigated. What is the nature of the source materials 

of the continental margin batholiths and how do they differ 

from those of oceanic volcanic arcs? What are the physical 

conditions of and processes triggering the production of 

the batholithic magmas? How are they tied to the subduction 

process1 Are these magmas all highly evolved differentiates 

or are they derived directly from their source regions? Were 

these magmas largely melt or mobilized crystal-rich mixtures? 
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Trace element abundances and variations are sensitive 

indicators of magmatic processes, making them a powerful 

petrogenetic tool. Interpretations of trace element char-

acteristics, particularly rare earth elements (REE), have 

provided important contributions to petrogenetic models of 

volcanic arcs (e.g. Gill, 1974 ; Ringwood, 1974) . While REE 

have been studied in several granitic terrains, the purpose 

of this investigation has been to determine for the first 

time the broad REE characteristics of a well studied batho­

lith and to use this information to help interpret the gene­

sis of the magmatic arc in a petrologic and tectonic context . 

The characteristics of the Peninsular Ranges batholith 

which have established its setting as a magmatic arc, its 

general petrologic features, and a rationale for the study 

of this particular batholith are presented in the following 

section. The introduction is concluded with a review of REE 

properties, their behavior in magmatic systems , and distribu-

tion in the earth's crust. Observations on REE variations 

in whole rocks and minerals and the ensuing discussion of 

the origin of these variations in the light of other petro­

logical and geochemical systematics form the core of this 

t hesis . This work is concluded with a discussion of infer-

ences and speculations concerning the nature of the source 

materials and the petrogenetic processes, and the broader 

problems of magmatic arc petrogenesis and continental growth . 
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PENINSULAR RANGES BATHOLITH 

OVERVIEW 

The Cretaceous Peninsular Ranges batholith of southern 

and Baja California is one of the largest composite batho­

liths of the Cordilleran province of western North America. 

It is an elongate belt comprised of hundreds, perhaps 

thousands, of plutons paralleling the Pacific coast from the 

Los Angeles basin to the tip of Baja California (Fig. 1). 

The plutons of the batholith were emplaced in thick meta­

volcanic and metasedimentary sequences of Mesozoic and, at 

least locally, Late Paleozoic age. Mesozoic structural ele-

ments in the belt of prebatholithic rocks and in the plutons 

themselves tend to parallel the elongation direction of the 

batholith. They help define the trend of the magmatic arc 

across which major petrologic variations occur in both pre-

batholithic and batholithic rocks. Uplift and erosion 

quickly followed the Cretaceous emplacement of the batholith, 

many nearby localities receiving Upper Cretaceous sands and 

gravels containing its granitic debris. 

Over the past several million years, the peninsula 

has be~n rifted from continental North America . Translation 

to the northwest along the Gulf of California-San Andreas 

fault system has and continues to occur as a result of the 

impingement of the East Pacific Rise spreading ridge. The 

Peninsular Ranges are therefore a tectonic fragment, trun-
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Figure 1. The major well-exposed segments of the Cordilleran batholiths 

of western North America. The Peninsular Ranges, Sierra Nevada, 

and Coast Range batholiths display strong alignment to the north­

westerly Cordilleran tectonic trend . 
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cated on three sides: the San Andreas fault to the north-

east , Salton Depression-Gulf of Califo r nia on the east, and 

East Pacific Rise on the south. Geochronologic and geologic 

studies by Silver, Early , and Anderson (1975) have indicated 

that the eastern tectonic boundary of the Peninsular Ranges 

is not the limit of the batholith; emplacement progressed 

across Sonora, Mexico in the Late Cretaceous at least as far 

as Chihuahua. 

In the present study, consideration of the batholith 

is focused on about 400 km of the northern Peninsular Ranges 

proper in southern California and northern Baja California . 

This area has received more study than the province to the 

south. Larsen (1948), in the northwestern portion of the 

Peninsular Ranges, provided the first thorough field and pet -

rographic description of a part of this batholith. The recon -

naissance study of Gastil, Phillips, and Allison (1975) has 

provided an important geologic summary and map of the state 

of Baja California. Geochronologic, geologic, and isotopic 

investigations of Silver and his coworkers have provided a 

progressive and unifying context for petrological and geo­

chemical studies north and south of the border . 

PREBATHOLITHIC ROCKS 

The prebatholithic rocks of the Peninsular Ranges are 

almost if not entirely comprised of metamorphosed stratified 

rocks . There is, as yet , no place within the Peninsular 
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Ranges where it has been demonstrated that these rocks are 

underlain near surface by older crystalline basement. 

In the western or coastal areas, volcanic, volcani­

clastic, and other immature sedimentary rocks of Mesozoic age 

are predominant. In southern California, these include the 

argillitic and quartzitic rocks of the Bedford Canyon forma­

tion (Larsen, 1948), quartzofeldpspathic schists, arkosic 

quartzites, and amphibolites of the French Valley Formation 

(Schwarcz, 1969), and the Black Mountain (Hanna, 1926) and 

Santiago Peak (Larsen, 1948) Volcanics, predominantly of in-

termediate composition. The complete range of age of these 

rocks is uncertain, but the sedimentary formations include 

some Triassic and Jurassic strata in the Santa Ana Mountains 

(Silberling, Schoellhamer, Gray, and Imlay, 1961), and the 

Black Mountain Volcanics in San Diego County contain Upper 

Jurassic fossils (Fife, Minch, and Crampton, 1967). Strati-

graphic relationships among all these rocks vary locally from 

unconformable to interlayered. 

In northern Baja California the prebatholithic section 

of the western Peninsular Ranges is almost entirely of vol-

canic derivation. An example is the thick volcanic and vol-

caniclastic section of the Alisitos Formation, south of En-

senada. Of Aptian age (Allison, 1955), it has no recognized 

bottom and possesses features indicating rapid accumulation 

and intense tectonic activity (Silver et al., 1963; 1969). 

Volcanic activity closely preceded and possibly overlapped 
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plutonic emplacements. 

To the east, deformation and the grade of metamor-

phism increases (Silver et al., 1963; Schwarcz, 1969). Dom-

inantly metasedimentary rocks, derived from feldspathic sand­

stones and shales, such as the Julian Schist of eastern San 

Diego County (Merriam, 1946; Everhart, 1951) and similar 

rocks in the Sierra Juarez and Sierra San Pedro Martir 

(Woodford and Harriss, 1938; Gastil et al., 1975) are common. 

In the vicinity of the San Jacinto fault zone, the prebatho­

lithic rocks are at almandine-amphibolite facies and consist 

largely of quartzofeldspathic paragneisses and schists with 

minor interlayered marble and amphibolite (Sharp, 1965; 

1967). A high density of intrusives and extensive deforma-

tion have largely obscured the age and original stratigraphic 

relationships in these rocks. In the desert ranges in Baja 

California, the only Upper Paleozoic fossils observed in 

place in the Peninsular Ranges are found in a section con­

sisting of quartzofeldspathic metasedimentary rocks and mafic 

schists with thin interbedded marbles (McEldonney, in Gastil 

et al., 1975). 

The above quoted works have established that a vol­

canic arc was built upon an unknown basement in the western 

Penins~lar Ranges, and that a contemporaneous sedimentary 

basin may have existed to the east which received volcanic 

and probably continental detritus. This inferred basin may 
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have been floored by Precambrian craton in Sonora (Anderson 

and Silver, 1977), but no such basement has yet been estab­

lished in the Peninsular Ranges. 

INTRUSIVE ROCKS 

The Peninsular Ranges batholith is a composite batho­

lith whose individual plutons range in lithology from gabbro 

(locally peridotite) to granite. Tonalites and low-K
2
o gran­

odiorites are the most common rock types (Larsen, 1948; 

Silver et al., 1975; Gastil et al., 1975). Individual plu-

tons vary in size, but most are a few kilometers in diameter, 

and dimensions of tens of kilometers are not uncommon (Gastil 

et al., 1975). 

Intrusive contacts are typically sharp (Larsen, 1948) 

and many examples of both passive and forceful emplacement 

are found. In the western Peninsular Ranges, plutons com-

monly intrude preexisting rock discordantly (Larsen, 1948) 

while to the east a deeper level of emplacement has been ex­

posed by erosion and concordant intrusive contacts are the 

norm (e.g. Sharp, 1967; Murray, 1978). Larsen (1948) in-

ferred the general sequence of intrusion to be from mafic to 

felsic compositions. Although, at least locally, field 

relati0ns indicate exceptions (Silver, per. comm.) and the 

zircon U-Pb isotopic age studies of Banks and Silver (1966; 

1969) require some modification of this generalization, most 

subsequent work supports this sequence . 
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Many plutons are compositionally uniform within mod­

est limits limits, the gabbros being the principal exception 

(Miller, 1937; Larsen, 1948). Texturally, most of the rocks 

are medium to medium-coarse grained, hypidiomorphic granular, 

and grain size distributions may be equigranular or seriate, 

with porphyritic textures less common (Larsen, 1948). The 

minerals plagioclase, quartz, hornblende, biotite and alkali 

feldspar make up all but a few percent of most rocks. A 

common feature of many tonalite and granodiorite plutons is 

the presence of abundant mafic inclusions. These are usually 

a fine to medium grained, allotriomorphic-granular, more 

mafic rock with mineralogy similar to that of the host in­

trusive but in different proportions (Hurlbut, 1935; Larsen, 

1948). Most of the plutonic rocks possess uniquely igneous 

characteristics such as euhedral oscillatory zoning in 

plagioclase, the character of the mineral assemblages, and 

lack of normative corundum despite high Al 2o
3 

contents. 

Hybrid rocks are sometimes found near contacts (Larsen, 1948), 

indicating that contamination by assimilation is probably 

only a local, short range phenomenon. 

REGIONAL ASYMMETRIES 

A most remarkable characteristic of this batholith 

is regionally developed asymmetries in many features and 

parameters. These include geochronologic, geochemical, and 

petrologic characteristics , the trends of which are trans-
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verse to the structural trends of the batholith and there-

fore appear to bear some fundamental relationship to its 

origin . 

A space-time progression of plutonic emplacements 

eastward from the Pacific margin (130-110 my) to the east 

side of the peninsula (100-90 my) has been r eported by Silver 

et a1. (1975), utilizing U-Pb isotopic ratios in zircons. 

These data demonstrate that emplacements were concentrated 

in narrow but continuous linear zones that progressed east-

ward across the batholith region during the Cretaceous . The 

Peninsular Ranges batholith was therefore the product of a 

single major intrusive cycle of limited duration. K-Ar ages 

also are progressively younger eastward but with steeper 

space-time gradients, and have been interpreted as apparent 

ages reflecting uplift and cooling during the latest Creta-

ceous (Krummenacher~ Gastil, Bushee, and Doupont, 1975). 

Early and Silver (1973) and Silver et al. (1975) 

. 87 86 reported a strong geographic variation in init1al Sr/ Sr, 

rising to the ENE from less than 0 . 7035 to more than 0.7075 

with at least two significant reversals (Fig. 2). They have 

noted that these initial ratios are independent of rock type, 

with the exception of some gabb r os which are slightly less 

radiogenic than adjacent plutons. Sr concentrations also 

show a well defined increase to th e east, largely indepen-

dent of lithology. Recently, Taylor and Silver (1978) re-
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FIGURE 2. 
87 86 

Isopleths of constant initial Sr/ Sr ratio in 

the northern Peninsular Ranges (Early and Silver, in 

preparation). Note the parallelism of the contours 

to the northwest-trending axis of the peninsula. The 

gradient rises to the north east, but two reversals 

are present: one along the western margin of the pen-

insula, and one along the southernmost eastern margin. 
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ported regional variations in 

18 

18 whole rock o 0, values for 

tonalites and granodiorites ranging from about 6.0 to 7.0 

in the west to in excess of 11.0 in the east. 

Prior to describing regional variations in petro-

logic character, it is emphasized that a single rock type -

tonalite - is a major and usually dominant rock type for 

every region of the batholith in the Peninsular Ranges 

(Larsen, 1948; Gastil et al., 1975). The tonalites across 

the batholith have consistent major mineralogic and bulk 

compositions (Appendix I), yet display all of the striking 

variations discussed above . 

Within the context of the prominence of the tonalites 

across the batholith, there is considerable variability in 

the presence and relative proportions of other lithologies. 

The lithologic diversity of the western Peninsular Ranges, 

where gabbro and siliceous leucogranodiorite join tonalite 

as major rock units, gives way to the east to a more re-

stricted range of compositions strongly dominated by tona-

lites and granodiorites low in K
2
o (Larsen, 1948; Silver et 

al., 1975; Gastil et al., 1975) . Larsen also noted that 

the boundary between regions with this contrasting litholog-

ic character is about parallel to the structural trends of 

the batholith. 

In at least some of the desert ranges to the east of 

the Peninsular Ranges proper, granodiorites appear to be 

the most abundant rock type (Miller , 1946; Hirschi and de 
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Quervain, 1933). Tonalites appear to drop in abundance and 

be largely supplanted by granodiorites low in alkali feld-

spar (Silver, per. comm.). These granodiorites generally 

have color indices as high as the tonalites and comparable 

amounts of quartz. Adamellites are present but not abundant. 

Gastil, Krummenacher, Doupont , and Bushee (1974) have 

described the west - east petrographic variation in terms of 

gabbro, tonalite, and adamell it e sub-belts. 

These petrographic observations have been comple­

mented by recent chemical studies by Baird, Morton, Baird, 

and Woodford (1974) and Baird , Baird, and Welday (1974) . 

Batholithic rocks have been sampled in a limited part of 

the northern Peninsular Ranges and in the Transverse Ranges 

to the north and east, across the San Andreas fault. An 

asymmetrical distribution of lithologies within the Penin­

sular Ranges is indicated in Figure 3. 

TECTONIC SETTING 

The restoration of the peninsula to its pre-Cenozoic 

position with respect to the continent, as reconstructed 

by many workers (e.g. Moore, 1973), is assumed in the fol­

lowing discussion. 

To the east of the Peninsular Ranges, in Sonora, lies 

the Precambrian craton (Anderson and Silver, 1977). Late 

Precambrian and Paleozoic deposits, intruded by Mesozoic 

plutons including many related to the Peninsular Ranges 



20 

Figure 3. The distribution of major plutonic rock types in 

the northernmost Peninsular Ranges, from Baird et al. 

(1974b). Tonalites are present across the batholith, 

but abundant gabbros are restricted to the western part 

of the peninsula. 
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batholith, have been found in this area. 

To the west, little material older than Mesozoic can 

be identified. Off the present Pacific coast, an assemblage 

of greywacke, bedded chert, serpentinite, and glaucophane­

bearing schists are spottily exposed from beneath the cover 

of Late Cretaceous and younger sedimentary rocks of the con-

tinental borderland (Stuart, 1974). These materials of 

oceanic character probably correlate with the Franciscan of 

central and northern California, and are assumed to be 

approximately as old as the batholith. 

Therefore at the time of its formation, the batholith 

appears to have been bracketed to the west by oceanic trench 

and arc-trench materials and to the east by the Precambrian 

craton and younger continental margin deposits. This estab-

lishes the setting for this batholith at a continental mar-

gin. The pervasive tectonic grain of the batholith, the 

volcanic pile that accumulated in association with it, and 

the oceanic trench-type materials flanking it to the west 

are most satisfactorily interpreted as the result of con­

vergent motion with an associated subduction zone and mag­

matic arc. 

Integration of this information with broad-based re­

gional geologic and other studies allows the following 

assessment of the tectonic history of the Peninsular Ranges 

up to batholithic emplacement. The generally quiescent con-
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tinental and continental margin environment tn which the 

sediments of the Cordilleran geosyncline were deposited 

during the Late Precambrian and Pal e ozoic was terminated 

during the first half of the Mesozoic (e.g. Hamilton, 1969) . 

In California, a northwest trending Jurassic and possibly 

other older Mesozoic arcs were developed at a high angle to 

the preexisting trends (Ham i lton , 1969; Kistler, Evernden, 

and Shaw, 1971; Silver and Anderson, 1974), and gave rise 

to prominent mountain chains which shed much debris off 

their flanks. Large lateral shears may have juxtaposed 

diverse terrains (Silver and Anderson, 1974; Saleeby, 1977), 

which was followed by resumption of subduction giving rise 

to a NNW trending Cretaceous arc . In the case of the Pen-

insular Ranges, this arc appears to have developed to the 

west of the Jurassic arc on a site composed of diverse 

oceanic and continental margin crustal materials (Silver and 

Anderson, per. comm . ). The complexity of the prebatholithic 

crust and mantle into which it was emplaced must be addressed 

in the consideration of possible source materials for the 

batholith . 
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RATIONALE FOR STUDY 

Geochronologic investigations in seyeral of the Cor­

dilleran batholiths up to 1973, summarized by Lanphere and 

Reed (1973) and Kistler (1974), have indicated that many are 

composed of several spatially discrete belts of plutons em-

placed in several distinct cycles. The Jurassic and Creta-

ceous belts are the most thoroughly documented as they 

appear to account for the majority of plutons. These arcs 

are long, most probably through-going features stretching 

along much of the continental margin of North America during 

the Mesozoic (e.g. Hamilton, 1969; Silver and Anderson, 1974). 

The batholiths, as they are geographically known, are well 

exposed continuous segments of these arcs which commonly 

overlap in distribution. It has been inferred by many 

workers that an arc is the product of subduction at a plate 

boundary; spatial divergences and transgressions in magmatic 

arc activity in the Cordillera may be in response to progres-

sive changes and reorientations in plate boundaries and 

plate motions (Silver, per. comm.). Petrologic and geo-

chemical trends across batholiths composed of multiple arcs 

(e.g. Bateman and Dodge, 1970; Kistler and Peterman, 1973; 

Reed and Lanphere, 1974) can be expected to reflect the com­

posite nature of these batholiths rather than asymmetries 

within a single batholithic a rc. 

The Peninsular Ranges batholith has been argued to 

have been emplaced during a single intrusive cycle with no 
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spatial overlap with older or younger plutonic arcs (Silver 

et al., 1975). In contrast to most of the other batholiths 

of the Cordillera, the less geochronologically and struc­

turally complex Peninsular Ranges batholith offers the oppor­

tunity to examine the petrologic and geochemical character ­

istics of a plutonic belt closely analogous to modern vol-

canic arcs. The systematic geographic zonation of many 

properties across this batholith as discussed above is one 

of the most significant and intriguing set of observations 

in batholithic research. The origin of these variations is 

fundamental to the understanding of the generation of bath­

oliths, the characterization of their source regions, and the 

growth and evolution of the continents. 

The basic design of this dissertation from its in­

ception has been the study of the REE characteristics of 

this batholith in light of the above considerations. The 

REE are a sensitive and powerful petrogenetic tool which will 

complement previous geologic, geochronologic, petrologic, 

and geochemical studies in this batholith. The large body 

of previously collected data, many on the same samples sub­

sequently used in this study, provide insight for sampling 

design and are available for integration with and extension 

of the capabilities of the present study. 
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RARE EARTH ELEMENTS 

PRELIMINARY STATEMENT 

The purpose of this section is largely to review for 

the reader the chemistry, geochemical behavior, and distribu­

tion of the REE, and their application to petrologic prob-

lems. A discussion of the controls influencing partitioning 

of REE among minerals and melts is provided, as well as a 

review of previous studies in granitic terrains. Readers 

who are knowledgeable about these subjects are invited to 

bypass all or parts of this section. However, note that 

certain essential premises for some of the conclusions of 

this study are developed here. 

REE AS TRACE ELEMENTS 

In most rock systems, the REE are present at the 

parts per ·million level and behave as trace elements. Trace 

elements are defined here as those elements whose presence 

in a rock does not significantly alter the stability fields 

of its major minerals. This usually requires very low con-

centration levels, and Henry's Law behavior is typically 

observed. A particular element may behave as a trace ele-

ment in some phases, but not in others. 

Trace element abundances in igneous rocks are now 

commonly used to evaluate petrogenetic processes and source 

region characteristics. Compared to major elements, trace 

elements display much larger ranges in concentration, often 

exceeding an order of magnitude in related rocks. Such 
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large variations have been observed even among rocks with 

limited bulk compositional differences, indicating trace 

element abundances may record potentially valuable informa­

tion not necessarily available from major elements. If 

their distributions among phases are known, trace elements 

may provide insights to petrogenetic mechanisms independent 

of phase equilibria considerations of the major components. 

Combined, these two approaches may often strongly constrain 

possible solutions. 

In practice, the full potential value of trace ele-

ment studies frequently is not realized. Perhaps the most 

significant factor limiting their effectiveness is the large 

range in observed absolute values of apparent crystal/melt 

distribution coefficients, usually measured in volcanic rocks. 

This range can be in part due to analytical difficulties 

(imprecise mineral analyses; impure mineral and glass/ 

groundmass separates) and several aspects of nonequilibrium 

in volcanic rocks (mineral zoning due to Rayleigh fractiona­

tion and kinetic disequilibrium; melt inhomogeneities; ex­

otic crystals, etc.), but some and perhaps much of the ob­

served effect may be real differences in partitioning depen-

dent on other factors. Trace element partitioning between 

melt and crystal is a measure of the relative affinities of 

an element for these phases. These affinities rn&y be des-

cribed thermodynamically, but at an atomistic level, they 

are a consequence of the structural characteristics of both 
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the crystal and melt, and charge balance requirements. Tern-

perature, pressure, and composition affect partitioning to 

the extent which they modify these properties. At the pre-

sent time, little quantitative information is available on 

the dependence of partitioning on these variables. In many 

mineral-melt systems, the qualitative sense of response can 

only be surmised. 

Among trace elements, the rare earth elements (REE) 

have added power as information can be obtained from the 

relative fractionation of this series of elements, indepen-

dent of absolute values. This has been an important factor 

influencing the selection of the primary investigative tool 

in this study. The properties of the REE, their behavior in 

magmatic systems, and their distribution in crustal litholo-

gies are summarized in the following sections. 

SOME PROPERTIES OF RARE EARTH ELEMENTS 

The REE are a closely related group of 14 metallic 

elements, atomic numbers 58 through 71, that make up a very 

small part of the matter of the universe. These elements 

display a uniformity in their chemical behavior, a result 

of the similarity in their size and electronic structure. 

The trivalent oxidation state is commonly observed in nature 

for almost all of the REE, the exceptions being Ce and Eu 

4+ 2+ 
which can exist partly as Ce and Eu . With increasing 

atomic number, the 4f electron energy level is progressively 



29 

filled. This is accompanied by small but systematic de-

creases in atomic and ionic radii, called the lanthanide 

contraction, which is responsible for most of the variations 

in chemical behavior among the REE. Ionic radii of eight of 

the REE for both six and eight fold coordination (Fig. 4) 

show this smooth decrease in radii with increasing atomic 

2+ " 3+ number. Eu is about 15% larger in ionic radius than Eu , 

an important difference. 

The REE are strongly lithophile in their geochemical 

behavior. Their moderate size and high charge allows them 

to enter many common and rare rock-forming minerals and to 

form strong bonds. They do not appear to be as susceptible 

to mobilization and exchange as alkali and alkaline earth 

elements. The closeness of their ionic radii to ca 2+ among 

the major elements supports observations that REE appear to 

follow calcium preferentially into minerals where the dif-

ference in charge can be compensated. 

NORMALIZATION OF RARE EARTH ELEMENT NOTATION 

Early analyses of REE in natural materials, particu-

larly chondritic meteorites and shales, revealed a complex 

but recurring dominant saw-tooth pattern in plots of abun-

dance versus atomic number. This basic pattern is believed 

to have been produced from nucleosynthetic processes; its 

effects are seen in all natural materials. In order to sim-

plify the complexity of graphical displays, several workers 
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FIGURE 4. Ionic radii of eight rare earth elements in six-

and eight-fold coordination (Shannon and Prewitt, 1969; 

1970). Trivalent radii are plotted for all elements; 

divalent Eu is also shown. 
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in the early 1960's suggested normalizing REE abundances, 

element by element, to a standard of comparison (e.g. 

Coryell, Chase, and Winchester, 1963). This standard has 

most often been taken as an average of chondritic meteorites, 

as these materials show only a limited variation in relative 

REE abundances, and also are thought to have possibly under­

gone fewer fractionating processes than most terrestrial 

materials. On a chondrite normalized REE diagram, a mate-

rial with the same relative abundances as chondrites will 

plot as a flat line. Absolute abundances are compared along 

the ordinate of such a diagram, which is usually logarith-

mic. Not everybody uses the same normalization values. In 

this work, I have followed the suggestion of Sun and Hanson 

(1975) and have used the precisely determined concentration 

values of the meteorite Leedy (Masuda, Nakamura, and Tanaka, 

1973) divided by 1.20 to bring these in close agreement to 

the more commonly used but less precisely known values for 

a chondritic average by Haskin, Haskin, Frey, and Wildman 

(1968). These adjusted values are given in Table I. Of 

course when REE abundances are ratioed as in the case of 

calculating a distribution coefficient between a mineral and 

melt, the normalization factor is eliminated. 

MINERAL-MELT RARE EARTH FRACTIONATIONS 

Presentation of Data From Literature 

The mineral/melt distributions of REE for minerals 
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TABLE I 

ARBITRARY CONCENTRATION VALUES IN PPM 

USED FOR NORMALIZATION 

Ce .813 

Nd .597 

Sm .192 

Eu .072 

Gd .259 

Dy .325 

Er .213 

Yb .208 
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commonly observed in granitic rocks and which might possibly 

be present in their source regions are considered. Almost 

all the distributions summarized here are from phenocryst/ 

matrix measurements in volcanic rocks. For most minerals, 

measurements on rocks covering a large range in bulk compo-

sition are presented. Errors are contributed from both nat-

ural and laboratory sources as discussed above, but in most 

cases the general level and shapes of the REE distributions 

are reproducible suggesting they are correct. Presentation 

is in approximate order of increasing polymerization of 

silicon tetrahedra in the structures, with nonsilicates 

considered last. 

In all the following discussions, the terms light, 

middle, and heavy REE refer approximately to Ce-Nd, Sm-Eu­

Gd, and Dy-Er-Yb, respectively. 

Olivine (Fig. 5) rather effectively excludes all REE 

relative to melt with distribution coefficients (DC) much 

less than 1. Garnet and zircon (Fig. 6a,b) accept the 

heavier REE readily (DC> to >> 1), but discriminate against 

the light REE relatively, producing strongly fractionated 

patterns . Orthopyroxenes (Fig. 5) have low contents of REE 

relative to melt (DC < 1) with light REE-poor distribution 

patterns. In contrast, calcic clinopyroxenes (Fig. 7a) 

have higher mineral/melt ratios (about 1) reflecting their 

Ca content, and a distinct concave-down shape. A very sim­

ilar shape is uniformly displayed by calcic hornblendes (Fig. 
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7b), ranging to higher absolute values (DC> 1 to>> 1) for 

heavy REE. Biotites (Fig. 7b) discriminate against all REE 

(DO < 1) and have fairly flat patterns. Plagioclase feld­

spars (Fig. Sa) are always low in REE relative to melt (DC 

> 1 to >> 1) except for Eu, giving rise to the well known 

positive Eu anomalies characteristic of feldspar. Apatites 

(Fig. 8b) are enriched in all REE (DC>> 1), with some pre­

ference for the middle REE but negative Eu anomalies. 

Discussion 

The general form and levels of the distribution pat­

terns of mineral/melt ratios can be reconciled with aspects 

of the crystal structures for most of these minerals. The 

very low levels of REE in olivine are a consequence of the 

small octahedral sites of the tightly knit olivine crystal 

structure. The acceptability of the heavy REE in garnet and 

zircon, minerals also composed of independent Si0
4 

tetrahedra, 

appears related to the presence of eight-fold coordination 

polyhedra in which the REE almost certainly reside. Garnet 

has a three dimensional framework of alternating tetrahedra 

and octahedra which, in response to substitutions, can ex­

pand or contract the eight-fold site. The strong exclusion 

of the lighter REE in both garnet and zircon indicates that 

the eight-fold sites are very sensitive to the size of the 

substituting REE ion. 

The larger mineral/melt ratios observed for REE in 

Ca-bearing clinopyroxenes compared to orthopyroxenes is the 
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FIGURE 5. Selected distribution coefficients for olivine and 

orthopyroxene. A field for orthopyroxene in basalts 

and andesites is shown, as well as a few individual de-

terminations in dacites. Sources: Schnetzler and Phil-

potts, 1970; Nagasawa and Schnetzler, 1971. 

FIGURE 6. a) Selected distribution coefficients for garnet. 

Values for garnet in eclogite and peridotite calculated 

from REE distribution with coexisting clinopyroxene, 

assuming a clinopyroxene/melt REE distribution. Sources: 

Shimizu, 1975; Philpotts et al., 1972; Schnetzler and 

Philpotts, 1970. b) Distribution coefficients for zir-

con in dacites and granites. Values for zircon in gran-

ites calculated from whole rock rather than melt REE 

concentrations. Source: Nagasawa, 1970. 
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FIGURE 7. a) Selected distribution coefficients for clino-

pyroxene. Field for a representative range for clino-

pyroxene in basalts and andesites is shown, as well as 

two determinations in dacites. Sources: Schnetzler 

and Philpotts, 1970; Nagasawa and Schnetzler, 1971. 

b) Selected distribution coefficients for hornblende 

and biotite. The range of values for hornblende in 

basalts and andesites is shown, as well as additional 

determinations in dacites. Sources: Philpotts and 

Schnetzler, 1968; Higuchi and Nagasawa, 1969; Schnetzler 

and Philpotts, 1970; Nagasawa and Schnetzler, 1971. 

FIGURE 8. a) Selected distribution coefficients for plagio-

clase. A field for plagioclase in basalts and andesites 

is shown, along with a few determinations in dacites. 

Sources: Schnetzler and Philpotts, 1970; Nagasawa and 

Schnetzler, 1971. b) Selected distribution coefficients 

for apatite in dacites. Source: Nagasawa, 1970. 
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result of the larger Ca-bearing M2 site (whose coordination 

is usually considered to be eight-fold when occupied by Ca) 

in clinopyroxene. The small, regular Ml octahedral site in 

both pyroxene structures is equivalent to the octahedral sites 

in olivine, and are not expected to hold appreciable amounts 

of REE. The parallelism in the patterns of the hornblendes 

and calcic pyroxenes are consistent with the crystallographic 

similarity of the M4 and M2 sites, respectively, in these 

minerals. The alkali-bearing A site of the amphibole struc-

ture is not expected to accommodate the usually smaller and 

highly charged REE ions. This is supported by the low REE 

distributions in the biotites, whose interlayer alkali site 

is similar to the amphibole A site. The absence of a site in 

biotite equivalent to the amphibole M4/pyroxene M2 site, and 

the presence of octahedral sites analogous to the octahedral 

or six-fold sites in those minerals further explains the ob-

served biotite REE uptake. 

The behavior of REE in the feldspars must be viewed 

somewhat differently. While some discrimination related to 

size is evident in the slightly light REE enriched patterns, 

the gross exclusion of trivalent REE from feldspar might be 

attributed to charge balance constraints. 
2+ 

Only Eu appears 

readily accepted into the feldspar structure. Feldspar might 

be incapable of providing coupled substitutions allowing the 

charge balance of 3+ cations for ca
2+, + + Na , or K . 

A large range in the values of mineral/melt ratios 
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for several of these minerals is observed, most notably 

hornblende and garnet. In general, the observed values in-

crease with increasing Si0 2 content of the host magma. The 

constancy in the shape of the patterns over these large 

ranges suggests that the size of the REE sites in the min­

erals are not changing and therefore not controlling these 

values. Diffusion-limiting effects, due to mineral growth 

rates outstripping the diffusion rate of REE in the melt, 

are not considered to have controlled these patterns. Such 

effects would tend to bring mineral/melt ratios closer to 

unity, yet the variations in the data clearly show trans­

gressions of this value while slopes do not change. 

Alternatively, the composition of the melt may exert 

important controls on mineral/melt distributions. The abil-

ity of melts to have compositionally dependent preferences 

for REE and other trace elements has been demonstrated ex­

perimentally by partitioning between immiscible melts (Wat-

son, 1976). Ca-Fe-rich mafic melts are observed to have 

several times the REE concentrations of Si0
2
-rich felsic 

melts they are in equilibrium with, suggesting that the com­

position of melts may have a first order effect on the par-

titioning of REE. The qualitative sense of this partition-

ing is in agreement with concepts of melt structure (e.g. 

Hess, 1977). In mafic melts the low degree of polymerization 

of Si0
4 

tetrahedra makes available nonbridging oxygens to 

coordinate divalent and trivalent cations such as Ca and the 
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REE in the melt. With increasing Si0
2 

content, the degree 

of polymerization in the melt increases and reduces the num-

ber of available nonbridging oxygens and will probably also 

affect the energetics of coordination. As appropriate sites 

are still available in some minerals crystallizing from the 

melt, partitioning into these minerals would be enhanced. 

This will be true for Ca and other divalent cations as well 

as the REE. 

It is not anticipated that melt structure could in-

fluence the shape of REE mineral/melt distributions as the 

configuration of sites in melts is much less restricted than 

sites in minerals, and would not be able to discriminate 

among the small differences in the REE. This is supported by 

the limited experimental work of Watson (1976). 

It would seem that melt structure may control the ab-

solute value of REE mineral/melt ratios without changing the 

shapes of the patterns, and therefore provide an explanation 

for the observed variations in general distribution coeffi-

cients. The shapes of the patterns would be controlled by 

the mineral only. 

Small to moderate Eu anomalies are observed in the REE 

mineral/melt ratios of phases other than feldspar. If a sig-

nificaut proportion of the total Eu in a magma is present as 

E 2+ 
u ' anomalous behavior for Eu is to be expected in many 

phases. This reflects both the difference in charge between 

Eu 2+ and the rest of the trivalent REE (including Eu
3+), and 
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the larger size of Eu
2+ compared to Eu 3+. The effects of 

this difference in size can in general be qualitatively es-

timated from the shape of the REE distribution. Phases that 

progressively exclude the lighter REE can be expected to dis-

. i ' E 2+ cr1m nate aga1nst u , and those which prefer the larger, 

lighter REE will accept Eu 2+ over This argument appears 

to be generally supported by the data presented in Figures 

5 through 8. 

The magnitude of Eu anomalies in mineral/melt dis-

tributions is a complex topic, dependent on many parameters. 

The magnitude of Eu anomalies in plagioclase have been shown 

experimentally to vary with the partial pressure of o
2 

(which 

2+ 3+ affects Eu -Eu equilibria) and temperature (Drake and 

Weill, 1975), and can also be expected to be a function of 

bulk composition as this affects the redox equilibria of Eu 

(Morris and Haskin, 1974). All of these dependencies appear 

to result from variations in the oxidation states of Eu, and 

points out that while many minerals have the potential to 

have Eu anomalies, the extent to which they exhibit them will 

depend strongly on physical and chemical conditions in the 

system in which they form. 

Summarizing, the great value of REE compared to most 

other trace elements is their relative constancy of frac-

tionation behavior for any one mineral. Factors controlling 

the absolute values of mineral/melt distributions can be ra-

tionalized in part, but quantitative determinations of the 
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actual dependencies are few. Convincing measurement and ap-

plication for detailed analysis still appears remote. 

The relative fractionations of minerals thought to 

play critical roles in the petrologic development of plutonic 

rocks of batholiths commonly have distinctive patterns. 

Plagioclase, the dominant mineral in most of these rocks, 

displays the large positive Eu anomaly unique to feldspar. 

Differentiation processes involving this mineral will induce 

in the rock products characteristic Eu variations. The 

broad, concave-down REE distributions for common calcic chain 

silicates are distinctive. Although garnet is not generally 

observed to be a primary phase in granitic rocks, it has 

broad stability fields for such compositions at high pres­

sure (e.g. Green and Ringwood, 1968). The very strongly 

fractionated REE distributions for garnet will impart strong 

fractionations to derived materials. A number of minor or 

trace minerals which concentrate REE may also play signifi-

cant roles. They have not been investigated systematically 

prior to this work. The study of REE variations in orogenic 

igneous suites, when integrated with broader based investiga­

tions, promises to provide important constraints on petro­

genetic processes controlling their evolution. 

DISTRIBUTION OF REE IN THE CRUST 

The principal source materials of granitic batholiths 

are within the upper mantle and crust. Evaluation of the 
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roles which known crustal sedimentary and igneous materials 

might play in the generation of batholiths necessitates the 

characterization of their REE properties, and these are ad-

dressed below. This includes a brief discussion of selected 

studies of granitic rocks which are useful for comparison to 

the observations of this thesis . 

Crustal Sedimentary Rocks 

Much of the early work involving REE has focused on 

sedimentary rocks on the assumption they were representative 

of the earth's crust, or a t least the part of the crust ex-

posed to weathering. The characteristic REE fractionation 

pattern of shale composites analyzed in the early investiga­

tions has been confirmed by subsequent studies of composites 

of rocks from continental areas over the entire globe (Fig . 

9). The relative abundances of heavy REE ar e similar to 

chondrites, but at levels 10 to 20 times higher. The light 

REE are strongly enriched to approximately 100 times chon­

drites for Ce, and a distinct negative Eu anomaly is present. 

Studies of individual sedimentary rocks, including such di­

verse lithologies as carbonates, sandstones , and greywackes 

as well as shales have shown considerable variation in ab­

solute abundances in the large majority of samples analyzed, 

but only minor deviation from the relative ab u ndances found 

in composite shales (Haskin , Wildeman, Frey, Collins, Keedy, 

and Haskin, 1966). Haskin and his coworkers conclude that 

REE fractionations in sedimentary rocks have little depen-
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FIGURE 9. REE patterns of shale composites and averages from 

four continents. Note the similarity in their REE 

abundances and fractionations. 
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deuce on bulk composition, and that the REE patterns of 

shale composites are representative of average crustal sedi-

mentary rocks. These shales represent mature sedimentary 

materials derived from areally extensive source terrains. 

The uniformity of their REE characteristics must be attrib­

uted to either remarkably uniform source terrains or to con­

tributions from diverse but very well mixed sources which 

have similar proportions in continental masses . 

Several workers have observed that Eu may be systemat­

ically enriched in Precambrian sedimentary rocks, particu­

larly Archean rocks (Wildeman and Haskin, 1973; Jakes and 

Taylor, 1974; Nance and Taylor, 1977). This feature has been 

interpreted by some of these authors as indicative of a dif-

ferent crustal composition during the Archean. However, in 

as much as most of the Archean samples are rather immature 

sedimentary rocks, comparison to post-Archean shale composites 

may not be appropriate . The more immature a sediment is, the 

more likely that it will reflect the chemical characteristics 

of its source materials as chemical weathering and physical 

sorting have had minimal effects. For example, the Devonian 

greywackes of the Baldwin Formation, Australia, appear to 

reflect their volcanic sources (Chappell, 1968; Nance and 

Taylor, 1977). 

Crustal Igneous Rocks 

The flat to somewhat light REE depleted patterns char-
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acteristic of mid-ocean ridge tholeiites (Frey, Haskin, Poetz, 

and Haskin, 1968; Kay, Hubbard, and Gast, 1970) also appears 

in early, close to trench volcanics of modern oceanic island 

arcs (Gill, 1970; Jakes and Gill, 1970; Ewart, Bryan and Gill, 

1973). Similar patterns (compare in Fig. 10) are observed 

from the oceanward parts of arcs developed on continental 

cru~t (Japan: Philpotts, Martin, and Schnetzler, 1971 and 

Yajima, Higuchi, and Nagasawa, 1972) and rocks that may have 

formed in a comparable environment but are now incorporated 

into a continent (e . g. Arth and Hanson, 1972; Jahn, Shih, 

and Murthy, 1974). 

Considerable variation in light REE characteristics 

have been observed across island and continental margin arcs, 

some of which have been closely correlated to the well es-

tablished petrologic variations. The light REE depleted pat-

terns of the tholeiitic portions of the arcs give way to the 

moderately to strongly light REE enriched patterns of high 

alumina (calc-alkaline) (Fig. 11) and alkalic types (Figi: 

Gill, 1970; Japan: Masuda, 1968 and Philpotts et al . , 1971; 

Chilean Andes: Lopez-Escobar, Frey and Vergara, 1977 (thole-

iites not represented)). It is important to note, however, 

that little variation in abundance or fractionation of the 

heavy REE is observed. Exceptionally, two heavy REE depleted 

and fractionated Chilean andesites were reported by Lopez­

Escobar et al. (1977) (also Fig. 11) from the very northern 

part of the arc they studied. These samples appear to be in 
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FIGURE 10. REE patterns of some tholeiitic rocks. 

Horizontal pattern: Field for most mid-ocean ridge 

basalts from several ocean basins (Kay et al., 1970), 

which may be considered characteristic of these ba­

salts. 

Vertical pattern: Field for young tholeiitic basalts 

and andesites of the Japanese arc (Philpotts et al., 

1971). 
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FIGURE 11 . REE patterns of some calc-alkaline volcanics 

which appear characteristic of the circum-Pacific re­

gion . 

Horizontal pattern: Field for 6 Chilean high alumina 

basalts (Lopez-Escobar et al., 1977). 

Vertical pattern: Field for many high alumina basalts 

from Japan (Masuda, 1968; Philpotts et al., 1971) . 

Additionally , 2 Chilean andesites from High Andean vol­

canoes (Lopez-Escobar et al., 1977) . 
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a comparable relative position in a west-east sense as many 

of the other samples. Searching further for geographic trends 

in continental margin arcs, limited studies in the Cascade 

Range of the northwestern U.S. (Condie and Swenson, 1973; 

Helmke and Haskin, 1973; Condie and Hayslip, 1975) have not 

revealed systematic variations with geographic position and 

in general surprisingly little variation with composition 

(some light REE enrichment in the more Si0 2-rich lithologies). 

Studies of several granitic terrains have been reported. 

In a pioneering study, Towell, Winchester, and Spirn (1965) 

analyzed four samples representative of the western Penin-

sular Ranges: a gabbro, tonalite, granodiorite, and leuco-

granite. These data are presented in Figure 12a, and are 

accompanied in Figure 12b by analyses from the present study 

of three of the same samples. Although the analytical pro-

cedures for determining REE concentrations were in their in­

fancy in the early 1960's, and detail is lost to the scatter 

of points, the general features of the REE patterns of these 

rocks as reported by Towell et al. have been confirmed. All 

of the rocks have a fairly flat heavy REE pattern at roughly 

10 times chondrites, and a progressive enrichment in light 

REE and a relative depletion of Eu through the suite. 

Haskin et al. (1968) reported REE contents of several conr 

posites of intermediate rocks and granites grouped by Si0
2 

content, without details of location or sampling. These 

compositions parallel the patterns for shales, with negative 
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Figure 12. a) REE patterns of four representative litholo-

gies from the northwestern Peninsular Ranges batholith, 

southern California (Towell et al . , 1965) . These are 

a gabbro from near Pala, a tonalite from near Val Verde, 

a leucogranodiorite from near Temecula, and a coarse 

leucogranite from Mt . Rubidoux . b) REE patterns of 

three of the four sample in Figure 12a, redetermined 

in this study. Sample numbers are 8 (gabbro) , 1 

(tonalite), and 3 (leucogranodiorite). 
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Eu anomalies increasing with Si0
2 

content. A detailed study 

of a granitic suite of Archean age from northeastern Minne­

sota-northwestern Ontario (Arth and Hanson, 1972, 1975) dem­

onstrated that most of the ancient granitic rocks of this 

area possess fractionated REE patterns (Fig. 13). The total 

REE content increases in the more alkaline lithologies. 

Large negative Eu anomalies are present only in some quartz 

monzonites. These authors also reported a REE analysis of a 

trondhjemitic plutonic rock from the Klamath Mountains, 

northern California, which has a fractionated pattern very 

similar to Archean rocks they studied of comparable composi-

tion. Subsequent studies of the Mesozoic Sierra Nevada bath-

olith (Frey, Chappell, and Roy, 1978) have indicated at least 

some other portions of this batholith are characterized by 

highly fractionated REE patterns. The limited sampling of 

this batholith leaves open to question the possible existence 

of regional variations. Both flat and fractionated heavy REE 

patterns have been observed in some granitic rocks from New 

England (Burna, Frey, and Wanes, 1971), but without any appar-

ent spatial relationship. The only sampling of a granitic 

terrain which reports suggestions of systematic regional 

variation in REE patterns is that of Barker, Arth, Peterman, 

and Friedman (1976) for four middle Proterozoic siliceous 

igneous rocks in the southern Rocky Mountains. From south to 

north, REE patterns vary from flat to highly fractionated and 

depleted in the heavy REE. These authors have also noted 
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FIGURE 13. REE patterns of some granitic rocks from north-

eastern Minnesota-northwestern Ontario. Fields are 

shown for the Saganaga tonalite and some quartz mon­

zonites from the Giants' Range (Arth and Hanson, 1975). 
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complementary variations in other aspects of the chemistry 

of these rocks. 

It may be noted from this summary of selected studies 

that igneous rocks with heavy REE depleted and fractionated 

patterns are not generally observed in island arcs, and only 

occasionally encountered in modern continental margin arcs, 

but are fairly abundant in granitic terrains. This contrast 

is poorly understood. The variability in REE patterns ob-

served among and within granitic terrains is likely to be 

due in part to the complex historical evolution of most of 

these orogenic belts. How much variation occurs within 

simple batholithic belts and its significance have not been 

established. In formulating this study, it was anticipated 

that a detailed investigation of the REE characteristics of 

a comparatively simple magmatic belt already known to display 

marked asymmetries in geochemical and petrologic properties, 

as is observed in the Peninsular Ranges batholith, would 

squarely address these problems. 
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CHAPTER 2 

OBSERVATIONS ON REE VARIATIONS 
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REE IN MINERALS 

INTRODUCTION 

One of the most important considerations in a study 

of trace element variations in igneous rocks is an under­

standing of the distribution of these elements in the miner-

al assemblages observed in the rocks . With such information 

it is possible to analyze the behavior of trace elements 

during crystallization and related differentiation processes 

near the level of emplacement. Integration of the distribu-

tion of trace components, mineral and bulk compositional re­

lationships, paragenetic sequences deduced from petrographic 

observations, and information from experimental phase equi­

libria studies can lead to reasonable constraints on high 

level differentiation processes. 

Towards this end, the distribution of the REE among 

the minerals of a representative granodiorite from the east-

ern part of the batholith has been studied in detail. Sup-

plementing these data are additional REE determinations on 

two plagioclases and one hornblende from tonalites located 

on the west side. This work follows that of Towell et al. 

(1965) who determined the REE contents of some minerals in 

the rocks they studied from the northwestern Peninsular Ranges 

batholith. 

REE DISTRIBUTION AMONG MINERALS IN A GRANODIORITE 

Description of the Granodiorite 

The granodiorite chosen for this study (sample 19) is 
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located at the eastern margin of the Peninsular Ranges, 25 

km SE of Palm Springs, near the town of Indio, California. 

The rock is a hornblende-biotite granodiorite which in hand 

specimen displays conspicuous large subhedral hornblende 

grains and well distributed green sphene grains. The rock 

is medium grained, foliated, with an overall hypidiomorphic-

granular texture typical of the major plutons of the batho-

lith. 

Petrographically, subhedral plagioclase of up to 5 

mm in dimension are not strongly zoned. Broad areas of the 

interior of grains are rather uniform at about An
35

_
40

, with 

rims usually no less than An
30

. A few plagioclase grains 

have a small amount of antiperthitic exsolution of alkali 

feldspar, localized as a small group of checkered patches in 

part of a grain. Quartz is anhedral, often as polygonal ag-

gregates up to 5 mm in diameter. Alkali feldspar anhedra 

up to 3 mm in dimension commonly have a fine grained micro-

perthite exsolution. 

Biotite occurs as subhedral to anhedral plates, only 

occasionally grouped into small aggregates. Subhedral horn-

blende is pleochroic in light greenish brown to bluish green 

0 
and has a 2V of 35-40 (-). Sphene appears as independent, 

well formed euhedral to subhedral crystals sometimes ex-

ceeding 2 mm, and is often twinned; a few grains are anhed -

ral and associated with hornblende and biotite. Allanite 

grains are euhedral, pleochroic in brownish and yellowish 
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orange, somewhat irregularly zoned with brownish colors in 

the interior and yellowish colors toward the rim. An anhedral 

overgrowth of clear epidote commonly discontinuously or some-

times continuously surrounds allanite. This epidote over-

growth is always well developed against biotite. The boundary 

between epidote and allanite is sharp. Epidote also occurs 

as a secondary mineral in the limited alteration of plagio­

clase and mafic minerals, associated with trace amounts of 

chlorite and clay minerals. Apatite and zircon in euhedral 

habits are common, well distributed accessory minerals. 

Small quantities of myrmekite are often but not always devel-

oped in plagioclase where adjacent to alkali feldspar. Opaque 

minerals are very low in abundance, and the little there is 

occurs as inclusions in sphene. 

A chemical analysis, norm, and a modal analysis based 

upon point counts of 10 thin sections are presented in Table 

2. The chemistry of this rock is characterized by an inter­

mediate silica content, and sizable amounts of all feldspar 

components. The calcic nature of this rock, typical of the 

Peninsular Ranges batholith, is reflected in the normative 

plagioclase composition of An
40

. Sphene, epidote, apatite, 

allanite, and zircon are all significant accessories. Note, 

howeve~, the large uncertainties in their abundances, estimated 

simply from counting statistics. The abundance of these min-

erals appears to vary greatly among thin sections. 

Electron microprobe analyses of typical grains of 
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most of the minerals in this rock, determined on two thin 

sections, are given in Appendix II. The most important fea-

tures of these analyses are the pargasitic nature of the horn­

blende, the K-rich composition of the alkali feldspar, and 

the high REE and Th contents of the allanite. 

On the basis of textural relationships, plagioclase, 

allanite, sphene, and opaques are the earliest minerals to 

crystallize. Plagioclase forms large tabular grains with 

very few inclusions. There is no evidence for early formed 

crystals of plagioclase from either cumulate or restite ori-

gin. Plagioclase does preserve euhedral faces against some 

minerals (commonly alkali feldspar) but appears to compete 

for space during late growth with many others (Fig. 14b). In 

nearly all observed instances allanite (Fig. 14d) and larger 

sphene grains (Fig. 14c) have preserved their euhedral faces 

against all other minerals. This suggests that these miner-

als began crystallization early and underwent only limited 

late growth. Opaque grains are essentially restricted to the 

interiors of occasional sphene grains, indicating possible 

nucleation of sphene on epaque minerals early in the crystal­

lization sequence. 

Some of the largest hornblende grains often have a 

high proportion of small, randomly oriented inclusions of 

quartz (anhedral), apatite, zircon, and sphene. Minute rods 

of apatite in particular are abundant and occur mostly in the 

quartz inclusions. Most of the hornblende has clear inner-
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FIGURE 14. Photograph and photomicrographs of a granodiorite 

near Indio, California (sample 19). Bar scales in all 

the photomicrographs are 0.5 mm. 

a) Hand specimen of granodiorite, displaying large sub­

hedral hornblende grains. b) Twinned plagioclase, with 

weak zoning. Euhedral crystal face against alkali feld-

spar (top center), and anhedral face against quartz (top 

left. Crossed polarizers. c) Three euhedral sphene 

grains, the two largest of which form a twin. Horn-

blende has grown around these grains. Plane light. 

d) Euhedral allanite, discontinuously rimmed by clear 

epidote. Note core to rim zoning in color of allanite. 

Plane light. 
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most interiors. Toward the rims, inclusions of small quartz 

and subhedral biotite become common. Hornblende is seen to 

mold around euhedral to subhedral sphene (Fig. 14c) and pla­

gioclase, but also appears to compete for space with plagio-

clase and biotite. These relationships argue for an extended 

crystallization interval for hornblende, overlapping with the 

intervals for most of the other minerals. Alkali feldspar 

is often interstitial, as is some quartz and biotite. 

REE Abundances in Minerals 

REE analyses of nine separated minerals (plagioclase, 

alkali feldspar, biotite, hornblende, sphene, epidote, apa­

tite, allanite, and zircon) are presented in Table 3, and 

their chondrite normalized REE patterns are displayed in 

Figure 15. The whole rock pattern is also plotted for com­

parison. Among these minerals there is a greater than 10 5 

range in concentration of all REE except Eu. These enormous 

variations in abundances and fractionations are an indication 

of the strong crystal chemical control on the behavior of 

these elements, and a secondary measure of the purity of the 

prepared mineral separates. 

Before discussing these data, several comments about 

contaminants in the mineral separates and the representative-

ness of these separates is warranted. Grain counts of grain 

mounts of most of ~he separates are presented in Appendix III. 

Most are better than 99% pure. The integrity of REE analyses 

of minerals with low REE contents such as feldspar and bio-
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FIGURE 15. Chondrite normalized REE patterns of minerals in 

the granodiorite near Indio. The whole rock REE pat-

tern is also plotted for comparison. The biotite pat-

tern is that of the finely ground separate. Note the 

large range in REE abundances among these minerals, 

and the high concentrations in allanite and sphene. 
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tite could be seriously compromised by even minute amounts 

of a contaminant such as allanite, sphene, or apatite. Great 

care was taken in the preparation of mineral separates of all 

phases, insuring very pure separates in most cases. Mineral 

grains containing minute inclusions, however, might not be 

eliminated. In the case of the feldspars, additional steps 

were taken to rid the separates of small apatite inclusions. 

The feldspars were very finely ground by hand in an agate 

mortar, then acid washed and thoroughly rinsed to dissolve 

any apatite present. 

Plagioclase, K-feldspar, and biotite have concentra­

tions of REE much lower than the whole rock, even for Eu in 

the feldspars. Both plagioclase and K-feldspar have very 

similar patterns with steep slopes in the light REE, large 

positive Eu anomalies, and very low concentrations of heavy 

REE. Biotite, epidote, and apatite have patterns which par-

allel the whole rock, but with abundances varying from less 

than .1 to greater than 10 times these values. Hornblende 

is the only major phase containing higher concentrations of 

REE (except Ce) than the whole rock. Zircon is sharply heavy 

REE enriched. The two remaining accessory phases, allanite 

and sphene, are very REE-rich. The allanite displays extreme 

light ~EE enrichment, as would be expected. This allanite 

separate contains 6.6% Ce and 1.6% Nd. It is somewhat sur-

prising that the allanite and epidote do not have similarly 

sloped patterns. The sphene is more uniformly enriched, at 
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levels 100 to 200 times whole rock values for most REE. 

No mineral other than feldspar could be responsible 

for the large positive Eu anomalies, reducing the question to 

how much of the trivalent REE could be due to contamination. 

The concave-up shape of the feldspar patterns are unlike any 

other mineral analyzed. The contaminant would have to be a 

mixture of minerals in roughly the same proportions for both 

feldspars, or a single mineral but only in quantities suffi-

cient to contribute to part of the pattern. In the latter 

case, the values measured for some of the REE would be maxi­

mum values of the amounts actually present in the feldspars. 

Evidence arguing against contamination by other mineral 

phases controlling the abundance and fractionation of the REE 

in the feldspar separates centers about the similarity of the 

plagioclase and K-feldspar patterns. These two feldspars 

have different positions in the paragenetic sequence, and 

also a contrast in density. The nature and amount of poten-

tial contaminants would be expected to vary, yet a strong 

similarity in the patterns exists. 

As biotite contains numerous inclusions, this sepa­

rate was ground as fine as practical (pass 200 mesh, retain 

325 mesh) during preparation so that the density and magnetic 

techni~ues could be most effective . Since most but not all 

inclusions could be eliminated, a coarse biotite separate 

(retain 30 mesh) was prepared in which no effort was made to 

eliminate inclusions. The co a rse biotite separate is com-
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posed of the larger biotite grains in the rock, but the fine 

biotite is not representative of the finer biotite in the 

rock. It is composed of all biotite components which have 

been finely ground during preparation. The coarse biotite 

separate has a generally similar REE pattern, but more than 

twice the abundances of all REE (Fig. 16). The distinct neg­

ative Eu anomaly displayed for the fine grained biotite can­

not be correlated with the patterns of other minerals in the 

rock. The disappearance of this Eu feature in the coarse 

biotite probably reflects a contaminant with a pattern simi­

lar in slope to the fine biotite, a positive Eu anomaly, and 

much higher concentrations of REE due to its optically lim-

ited abundance. Based on these criteria, apatite appears to 

be the most reasonable contaminant, and its common presence 

as an inclusion in biotite is supportive. A simple calcula-

tion indicates that less than 1% apatite added to fine biotite 

would be sufficient to produce most of the characteristics 

of the coarse biotite pattern. A small amount of epidote 

and/or plagioclase may also contribute. Due to the great 

differences in the amount of inclusions present in these two 

separates, it is concluded that the fine biotite pattern is 

a close approximation to the actual REE character of the bio­

tite. 

One source of uncertainty in the use of these miner­

al data is the possibility that each prepared mineral sepa­

rate is not representative of the mean of the compositional 
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FIGURE 16. Chondrite normalized REE patterns for coarse 

and finely ground biotite. 
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variations of each mineral species. The preparation of a min-

eral separate presents many opportunities to introduce biases. 

In many if not most cases, a compromise has been made between 

maintaining a representative nature in the separate and its 

purity. 

Mineral Contributions to the Whole Rock REE 

The fraction of each REE contributed to the measured 

whole rock abundances are obtained by dividing the REE abun­

dances of the mineral by the whole rock value, which is then 

weighted by its abundance in the rock. These values, along 

with the composite reconstructed rock calculated from the sum 

of the minerals, are plotted in Figure 17. This diagram 

clearly indicates that accessory allanite and sphene are the 

major sites for REE in this rock. Before further discussion, 

the deviation of the sum of the minerals from the whole rock 

value must be addressed. 

The sum of the minerals plots as a line deviating only 

slightly from flatness, indicating that this sum follows the 

overall REE fractionation pattern measured in the whole rock. 

The sum of the minerals, however, exceeds the whole rock abun­

dances by some 20% to 40%, far exceeding the analytical un-

certainties in the measurement of the REE. There are several 

possible causes for this discrepancy: inaccurate modal abun-

dances, nonrepresentative mineral separates, and a nonrepre-

sentative whole rock powder. The whole rock powder is con-

sidered to be representative despite the fact that 200 mg of 
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FIGURE 17. Fract~onal contribution of each mineral to the 

whole rock REE abundances in the granodiorite near In-

dio. A composite reconstructed rock, calculated from 

the sum of the minerals, is also plotted. Error bars 

on Ce and Yb for this sum indicate the uncertainty 

arising simply from the uncertainty in the modal abun-

dances of allanite and sphene. Allanite contributes 

most of the uncertainty in Ce, whereas sphene does for 

Yb. Note that most of the REE in this rock are present 

in sphene and allanite. The shapes of the patterns 

on this diagram are equivalent to whole-rock normalized 

values. 
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powder (a few thin section volumes) was analyzed as the total 

material processed for the whole rock powder was greater than 

500 g. Both nonrepresentative mineral separates and inaccurate 

modal analyses can be important in explaining the discrepancy, 

but only for the few phases making major contributions to the 

whole rock REE (allanite, sphene, and perhaps hornblende). 

As the other phases contribute the order of 1% or less, even 

large uncertainties in their modal abundances or REE concen-

trations will not have a significant effect on the sum. Sphene 

must be the major source of the discrepancy in the middle and 

heavy REE as it alone appears to contribute more than the 

measured whole rock. The conservatively estimated uncertainty 

in the modal abundances of sphene and allanite can account for 

much of the discrepancy, as indicated in Figure 17. 

Plagioclase, biotite, and K-feldspar together account 

for roughly 1% of each REE except Eu, to which plagioclase 

alone contributes about 7%. Apatite and epidote each provide 

about 1% of each REE, and zircon can contribute up to a few 

percent of the heaviest REE. Hornblende is the only major 

mineral containing significant quantities of REE, up to 15% 

of the heavier REE. The remainder, from 80% to more than 90% 

of each REE, are in sphene and allanite. Sphene is of dom-

inatine importance in the middle to heavy REE, and allanite 

is increasingly important in light REE. 

The strong localization of REE in sphene and allanite 

prompted further electron probe determinations on these min-
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erals, with particular emphasis on zoning. Three allanites 

and one sphene from one thin section were probed from rim to 

rim. Representative results are presented in Appendix II, 

and summarized in Figures 18 and 19. The allanites have un-

usually low totals. Wavelength scans did not reveal other 

unanalyzed elements. The low totals are apparently due to 

either inaccurate probe standards for REE and Th, imprecise 

analysis of these standards due to low abundance, or incorrect 

absorption factors related to REE and Th (both major element 

absorption of REE and Th radiation and REE and Th absorption 

of major element radiations). 

Both allanite and sphene display core to rim decreases 

in Ce contents of 25% to 50%, respectively. In allanite, 

this is accompanied by core to rim increases in Ca and Th con-

tents. The anticorrelation of Ce and Th is consistent among 

the three allanite grains analyzed, suggesting a charge-bal­

anced substitution in allanite: 

+ 2 REEJ+ 

This relationship is shown rigorously with a plot of the sum 

La+Ce+Nd (the most significant REE components in allanite) 

against Ca+Th (Fig. 20). These data clearly indicate this 

zoning within allanite is not a substitution toward an epidote 

endmember (REE and Th-poor, Ca-rich). This is consistent with 

the petrographic observation that epidote is a distinct phase 

which has formed as an overgrowth on allanite. 
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FIGURE 18. 

and CaO in an allanite grain in the granodiorite near 

Indio. Error bars indicate uncertainty arising simply 

from counting statistics on the electron microprobe. 

This zoning pattern has also been recognized in the two 

other allanite grains analyzed in the same thin section. 

FIGURE 19. Core to rim zoning of Ce
2
o

3 
in sphene in the 

granodiorite near Indio. Error bars indicate uncer-

tainty arising simply from counting statistics on the 

electron microprobe. 





87 

SPHENE 

.5 

CORE 



88 

FIGURE 20. La+Ce+Nd versus Ca+Th, in formula proportions, 

for 3 zoned allanite grains in the granodiorite near 

Indio. 

grains 

The three different symbols indicate different 

in the same thin section. Note the correlation 

within and among these grains, suggesting a coupled 

substitution. 
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REE IN MINERALS IN OTHER ROCKS 

In addition to this detailed study of the distribu­

tion of REE among minerals in one rock, several other mineral 

analyses have been made: a plagioclase and hornblende from a 

typical Bonsall-type tonalite near Val Verde (sample 1), and 

a plagioclase from the seriate porphyritic unit of the ton­

alitic San Jose pluton (sample 50), Baja California (Murray, 

1978). 

The tonalite near Val Verde is typical of this major 

rock type of Larsen (1948) and has been described in detail 

by Osborn (1939). Subhedral andesine plagioclase is strong-

ly zoned and hornblende, also subhedral, coexists without 

reaction with biotite. Quartz is anhedral, and K-feldspar 

is interstitial. The San Jose tonalite is distinguished by 

abundant subhedral andesine plagioclase which is very strong-

ly zoned. Hornblende and biotite appear interstitial to 

plagioclase, as is quartz to a greater degree. A petrograph-

ic description, mode, and chemical analysis for each of these 

rocks is provided in Appendix I. 

The REE analyses of these minerals are presented in 

Table 4, and their chondrite-normalized patterns in Figures 

21 and 22. Both feldspars have low concentrations of REE 

with fairly steep slopes in the light REE and large positive 

Eu anomalies. The hornblende is enriched in REE with a sub -

stantial negative Eu anomaly. For most of the middle to 

heavy REE, this hornblende has concentrations more than five 
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TABLE 4 

RARE EARTH ELEMENT CONCENTRATIONS OF SELECTED 

MINERALS IN TWO TONALITES IN PPM 

SAMPLE 1 SAMPLE 50 

Plagioclase* Hornblende Plagioclase** 

5. 51 78.0 4.43 

1. 2 7 73.8 1. 04 

. 118 21.6 .0857 

.882 2. 65 . 4 1 6 

. 0 71 23.9 .0400 

. 040 24.5 .0176 

.020 14.5 .0077 

.017 13.3 .0066 

*Corrected for 10% quartz present in plagioclase concentrate 

**Corrected for 30% quartz present in plagioclase concentrate 



92 

FIGURE 21. Chondrite normalized REE patterns for plagio-

clase, hornblende, and whole rock in the tonalite near 

Val Verde, Ca. (sample 1). 

FIGURE 22. Chondrite normalized REE patterns for plagio-

clase and whole rock in a tonalite of the San Jose 

pluton, Baja California (sample 50). 
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times whole rock levels. 

These data on the distribution of REE among minerals 

in rocks of the batholith place important constraints on 

high level crystal fractionation processes. Most significant 

in this regard is the dominating contributions of REE-rich 

accessories in the granodiorite, indicating that the crys­

tallization and removal of these phases can profoundly mod­

ify the REE characteristics of the melt from which they grew. 

A detailed discussion of the significance of this and other 

implications of these data follows the presentation of the 

whole rock data. 
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REE IN WHOLE ROCKS 

SAMPLING DESIGN 

Selection of Samples 

The selection of samples for this study has been strong-

ly influenced by previous work. The transverse asymmetries 

in geochronologic and geochemical features of the batholith 

established by Silver and his coworkers have made the deter­

mination of variations in REE characteristics of intrusive 

rocks across the batholith an important objective of this 

work. Another major objective was to sample the spectrum of 

major lithologies within the batholith so that the processes 

responsible for its petrologic diversity could be studied. 

Most of the samples analyzed for REE are also those used in 

preceding and parallel investigations, and were collected 

and classified by Prof. Silver in the course of his petro­

logic studies of the batholith. 

For the purposes of examining transver~e variations, 

sampl i ng was concentrated in three major profiles across the 

batholith (Fig. 23). The best studied profile is within 

southern California, trending ENE between the cities of 

Oceanside and Indio. A second profile extends east fr o m San 

Diego and Tijuana on both sides of the border. A third pro-

file well south of Ensenada reaches from San Telmo, east 

across the Sierra San Pedro Martir, to San Filipe on the 

gulf. The first and second profiles have larg e ly merged in 

southern Cali f orn ia , providing almost c ontinuous coverage 
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Figure 23. The location of samplffianalyzed for REE in the 

Peninsular Ranges. The shaded regions indicate the 

location of three traverses of concentrated sampling 

across the batholith . The boundaries dividing the bath-

olith into western , central, and eastern regions are 

shown as s0lid lines paralleling the length of the 

peninsula. The different lithologies sampled are indi-

cated by symbols. 
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between them. A few other samples are widely distributed 

between and peripheral to these profiles and provide addition­

al geographic coverage. 

During the early course of this study, it became appar­

ent that the REE data were naturally falling into three dis­

tinct elongate pattern groups related to geographic position 

transverse to the batholith: western , central, and eastern. 

The characteristics of these groups are presented in the 

following section. The areal distribution of these groups 

is displayed in Figure 23. The placement of the boundaries 

among these groups is based solely on the REE data presented 

here. These boundaries are not controlled by the much youn-

ger right lateral faults known within the Peninsular Ranges, 

and probably do ~ot correspond to the precise plutonic boun­

daries. 

For simplification in the presentation of these data, 

the sampled areas are arbitrarily divided at the internation­

al border, one in southern California and the other in Baja 

California. 

Rock Classification 

The rock classification used in this study follows the 

working classification of Prof. Silver, and is based on pet-

rographic and chemical criteria. The petrographic framework 

of this classification is illustrated in Figure 24. The 

lithologies are distinguished by the relative abundance of 

plagioclase, alkali feldspar, and quartz. The distinction 
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Figure 24. A modal quartz-plagioclase-alkali feldspar ter-

nary illustrating the rock classification used for 

quartz-bearing lithologies . An approximate shaded 

field for low-K
2
o granodiorites is indicated, which 

overlaps the tonalite and granodiorite fields. 
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between quartz diorite (rare) and quartz gabbro is made at 

a modal plagioclase composition of An
50

. The name gabbro is 

applied to those rocks which are saturated or undersaturated 

in quartz. An inherent problem in this petrographic classi­

fication is that in many of these rocks, a large proportion 

of the K
2
o is present in biotite, not alkali feldspar. This 

is usually the case in tonalites and low-K
2

0 granodiorites, 

which are granodiorites with roughly 5-12% alkali feldspar 

and K
2
o contents in the approximate range of 2.00% to 2.75%. 

An approximate field for low-K
2

0 granodiorites is shown in 

Figure 24, and there is a continuous petrographic variation 

between them and the tonalites. Granodiorites have up to 

approximately 3.80% K
2
0, and adamellites roughly up to 4.50% 

K20. 

This classification provides a petrologically more use­

ful framework for the description of the lithologic diversity 

of these rocks than is found in the more general classifica­

tion of Streckeisen (1973). 

A breakdown of the samples analyzed as to lithologic 

type and geographic region is presented in Table 5. Addi-

tionally, a listing of the samples and their rock type is 

given in Appendix V. 

Lithologies Sampled 

Tonalite is the most common lithology present in sub-

stantial amounts everywhere in the batholith. Accordingly , 

emphasis was placed on sampling tonalitic intrusives in or-
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der that regional variations could be studied among rocks of 

similar bulk composition. Tonalites do display a range in 

modal and chemical composition, but have several unifying 

characteristics. Compare petrographic descriptions in Appen-

dix I. These are feldspathic rocks containing roughly 50% 

to 60% zoned andesine feldspar . Hornblende and biotite in 

variable proportions are the dominant mafic components, to-

gether yielding a color index of 15±3 for most. Quartz makes 

up 20% to 25% of most tonalites, and alkali feldspar up to a 

few percent. 

Consideration of various tonalites analyzed illustrates 

some of the differences among them. Sample 1 is representa-

tive of the Bonsall type of tonalite of Larsen (1948) , a 

characteristic tonalite of the western region of the batho­

lith (a petrographic description of this rock is provided in 

Appendix I). This rock was distinguished from other tonalites 

of the region (sample 2 from the Lakeview Mountains, fo r 

example) by its abundance of mafic inclusions. An unusual 

suite of more leucocratic tonalites from the San Telmo plu­

ton (samples 42-46; 43 in Appendix I) are much higher in 

quartz and lower in mafic mineral s than most tonalites but 

still contain an andesine feldspar. In th e central region 

of the batholith, some tonalites h a ve been sampled from very 

large apparent intrusive units such as the Cahuilla Valley 

pluton (Sharp, 1965) (sample 5; in Appendix I). This and the 

San Jose tonalite (sample 50; Appendix I) are examples of 
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some of the more feldspathic tonalites of the batholith. In 

contrast to the western and central regions, the tonalites 

of the eastern regions usually display prominent euhedral to 

subhedral sphene, sample 29 (Appendix I) being particularly 

notable in this regard. Despite its deeper level of emplace-

ment, this sample retains fine oscillatory zoning in plagio-

clase. In Baja California, sample 37 is gneissic and some of 

its original igneous texture is obscured. 

Quartz gabbro as an intrusive unit is essentially re-

stricted to the western region of the batholith. Some bod-

ies are found to grade into tonalites in the field (Silver, 

per. comm.), and are distinguished by their more calcic feld­

spar (sodic labradorite), higher color index, and lower quartz 

content. A quartz gabbro from the San Marcos Mountains (sam-

ple 9; Appendix I) is a typical example of this rock type. 

The term granodiorite covers a rather wide variety of, 

and probably not very closely related, lithologies. In the 

western region, particularly in southern California, most 

granodiorites are of the Woodson Mountain type of Larsen 

(1948). These are quite leucocratic granodiorites and common-

ly form large masses. Sample 23 (Appendix I) is from the 

type locality, and is characterized by a calcic oligoclase 

and acundant quartz. Samples 3,6,25,30 are similar rocks. 

Other western granodiorites are low-K 2 0 granodiorites, which 

resemble tonalites in the field and have andesine plagioclase 

(samples 10,13,34,48), and granophyric granodiorites (samples 
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10,41). Sample 10 is a low-K
2
o granodiorite, but also leuco-

cratic and granophyric. 

In the central region, low-K 20 granodiorites grade into 

tonalites (Larsen, 1948). Samples 28 and 32 (32 in Appendix 

I) are two samples of one of the largest bodies in the Penin-

sular Ranges, the La Posta pluton of Miller (1935). As in 

most low-K
2

0 granodiorites , they have an andesine plagioclase 

and both biotite and hornblende. The granodiorites of the 

eastern region include both low-K 20 (samples 17,20,36,54) 

and normal granodiorites (samples 18,19; 19 in Appendix I). 

As has been noted, in hand specimen many of these resemble 

tonalites in all aspects except alkali feldspar content. 

Sample 19 is an example of such rocks, and is characterized 

by an andesine plagioclase and a color index of 14. An im-

portant textural feature of this and many other rocks of the 

central and eastern regions is the prominence of independent, 

euhedral sphene and to a lesser extent euhedral allanite 

grains. 

Adamellites are generally uncommon in the western and 

central regions of the batholith, and none have been analyzed 

in the study. One sample of adamellite from the eastern re-

gion has been studied (sample 38). 

The gabbros are among the most heterogeneous rock types 

of the batholith, and individual bodies are often composed of 

many related lithologies (e.g. Miller, 1937; Larsen, 1948). 

The various gabbro samples analyzed are discussed in more de­

tail in the following section when the REE data are presented. 
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These samples appear to represent all of the major 

lithologies of the batholith, but not necessarily in propor-

tion to their actual abundances. 

number is indicated on Figure 25. 

The location of samples by 

ANALYTICAL RESULTS 

All of the analytical determinations for REE in this 

study, including those on minerals already reported, were by 

isotope dilution mass spectrometry. A description of proce-

dures, including sample preparation, dissolution and chemical 

separations, and mass spectrometry are provided in Appendix 

IV. The results are presented in tabular form (Table 6) , 

and are discussed graphically here according to geographic 

region . The gabbros are discussed separately. 

Southern California 

Western Region 

REE analyses of 3 quartz gabbros and 3 tonalites (Fig . 

26) covering most of the western region include rocks mapped 

as the San Marcos gabbro, and the Bonsall and Lakeview ton-

alites (Larsen, 1948). These samples have a significant range 

in bulk composition, are from separ a te, distinct plutons over 

a wide geographic area, and have emplacement ages spanning 

15 my (Silver, per. comm.) . 

simila r ity in REE patterns. 

Yet, they display a remarkable 

All are near flat in the heavy 

REE with 11 to 15 times chondritic levels, and have a moder-

ate relative enrichment in the light REE . Every sample has 

a modest (15-20%) negative Eu anomaly. The slight curvatures 



108 

Figure 25. The location of samples analyzed for REE with 

sample numbers. Closely spaced samples within the San 

Telmo pluton, Baja California are shown in an expanded 

array in the lower left of the diagram. 
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FIGURE 26. REE patterns of characteristic tonalites and 

quartz gabbros from the western region, southern Cal-

ifornia. Sample numbers are listed in the order of 

occurrence of the patterns immediately above them, as 

will be true for all of the following diagrams. 
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of the patterns are concave-down for the light REE and con­

cave-up for the heavy REE. 

A tonalite and a low-K
2

0 granodiorite from near the 

eastern margin of the western area (Fig. 27) differ slight-

ly in their REE characteristics. They have comparable abun-

dances of heavy REE, but their patterns have slightly steep­

er slopes which transgress the parallel slopes of the other 

tonalites. Both of these tonalites have somewhat higher 

light REE contents, and one also has a larger Eu anomaly. 

Five samples from leucogranodioritic plutons have been 

analyzed (Fig. 28). These samples include two leucograno­

diorites (samples 3,23) from plutons mapped as Woodson Moun­

tain granodiorite and one from the Escondido Creek leuco-

granodiorite (sample lO)(Larsen, 1948). The two remaining 

are from bodies outside of Larsen's study area but strongly 

resembling Woodson Mountain granodiorite in lithology. The 

most striking difference in REE patterns between these rocks 

and the quartz gabbros and tonalites is the large negative 

Eu anomalies which all but one of these leucogranodiorites 

possess. The slopes for the light REE range to steeper val-

ues and are nearer linearity than the tonalites. Although 

there is a much larger range in abundances of heavy REE, the 

slopes are close to those of the more mafic rocks. Note that 

two of the samples (23,25), however, flatten and reverse 

their slopes becoming positive in the heaviest REE. In par-

ticular, sample 25 has a very pronounced concave-up curva-
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FIGURE 27. REE patterns of a tonalite and a low-K
2
o grana-

diorite from near the eastern margin of the western 

region, southern California. Field for characteristic 

western tonalites is indicated. 
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FIGURE 28. REE patterns of 5 leucogranodiorites from the 

western region, southern California. Field for char-

acteristic western tonalites is indicated. 
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ture over its entire pattern, and is further distinguished 

from the other leucogranodiorites by its overall lower abun­

dances of REE and very small Eu anomaly. 

Central Region 

The rocks of the central region are made up almost en-

tirely of tonalite. REE analyses of four tonalites and one 

low-K
2
o granodiorite representative of this region are pre­

sented in Figure 29. All of these samples show a notable de­

pletion of heavy REE (up to half an order of magnitude) com-

pared to the western tonalites. This is accompanied by a 

steeper slope in the middle and heavy REE. The light REE 

contents are roughly similar to the western tonalites, and 

slopes are but slightly steeper. These features are the cri-

teria used to distinguish the we~tern and central regions. 

The negative Eu anomaly that is characteristic of the western 

tonalites is not present in these samples. Three of the ton-

alites and the low-K
2
o granodiorite have no or a very small 

positive anomaly, and one tonalite (sample 4) has a distinct 

positive one. This tonalite has Eu contents similar to the 

other rocks, but lower abundances of trivalent REE. As in 

the western region, the patterns of these rocks are all es-

sentially parallel (excepting Eu, of course). The curvatures 

are slightly concave-down in the light REE and concave-up in 

the heavy REE. 
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FIGURE 29. REE patterns of 4 tonalites and a low-K 2o grana-

diorite from the central region, southern California. 

Field for characteristic western tonalites is indicated. 
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Eastern Region 

The REE patterns for all of the observed granitic rocks 

are highly fractionated. Three tonalite samples (Fig. 30) 

display a strong parallelism in their patterns. Slopes are 

steep and near linear in the light and middle REE, flattening 

somewhat in the heavy REE. The highly fractionated patterns 

and high light REE contents (Ce > SOX chond.) are the dis-

tinguishing characteristics of eastern tonalites. 

alies are negligible. 

Eu anom-

Four granodiorites (Fig. 31) have patterns quite simi-

lar in form to the tonalites. The REE contents of these 

rocks range to higher values, especially in the heavy REE, 

and small to moderate negative Eu anomalies are present. 

One low-K
2
o granodiorite (sample 17) differs somewhat from 

the other samples in its distinct concave-down curvature in 

the light REE. 

Baja California 

Western Region 

A concentrated effort has been made investigating the 

San Telmo ring complex, but other rocks studied south of the 

border are discussed first. Two of the three tonalites ana­

lyzed (samples 35,40; Fig. 32) have the same REE character-

istics as the tonalites of southern California. The heavy 

REE are near flat, the light REE have a moderate relative 

enrichment, and both tonalites have a modest negative Eu 

anomaly. Another tonalite (sample 31) exhibits several dif-
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FIGURE 30. REE patterns of 3 tonalites from the eastern re-

gion, southern California. Fields for characteristic 

western tonalites and central tonalites are indicated. 
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FIGURE 31. REE patterns of granodiorites from the eastern 

region, southern California. Fields for characteristic 

western tonalites and eastern tonalites are indicated. 
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FIGURE 32. REE patterns of 3 tonalites from the western re-

gion, Baja California. Field for characteristic west-

ern tonalites in southern California is indicated. 
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ferences. This sample has lower REE concentrations and a 

small positive Eu anomaly. Its pattern has a reversal in 

slope in the heaviest REE, and a slightly steeper and more 

linear slope in the light REE. Note, however, the similar­

ity in slope of the intermediate REE between this rock and 

all the other tonalites from the western Peninsular Ranges. 

One low-K 20 granodiorite (sample 34) and two leuco­

granodiorites (samples 30,39) plotted in Figure 33 have REE 

patterns roughly parallel to the tonalites except for their 

more pronounced negative Eu anomalies. Two of these rocks 

have abundances at the high end of the range observed for 

leucogranodiorites in southern California. The remaining 

sample (39) has concentrations of middle and heavy REE far 

exceeding all other rocks analyzed in this study, and has a 

flatter fractionation pattern than any other granodiorite 

except for the San Telmo suite. 

The dominantly tonalitic rocks of the San Telmo ring 

complex, 120 km SSE of Ensenada, have REE patterns distin­

guishing them from all other observed patterns in the batho­

lith. Four samples of leucocratic tonalite (samples 43-46) 

and a closely related low-K 20 granodiorite (sample 48) from 

the central and eastern parts of the complex have exception-

ally flat, unfractionated patterns (Fig. 34b). All these 

samples show a depletion of Ce relative to Nd, a feature that 

has not been observed in any other quartz-bearing rocks in 

the peninsula. The two most leucocratic and alkali feldspar-
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FIGURE 33. REE patterns of 1 low-K 2o granodiorite and 2 

leucogranodiorites from the western region, Baja Cal-

ifornia. Field for characteristic western tonalites 

in southern California is indicated. 
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FIGURE 34. REE patterns of rocks of the San Telmo pluton, 

Baja California. Field for characteristic western 

tonalites in southern California is indicated. 

a) 2 leucotonalites and 1 leucogranodioritic grano­

phyre from the western and central parts of the pluton. 

b) 4 leucotonalites (sample 43 repeated), 1 low-K 20 

granodiorite, and 1 quartz gabbro from the eastern and 

central parts of the pluton. 
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poor tonalites (samples 44,45) have the lowest REE abun-

dances and no Eu anomalies. The most mafic rocks (samples 

46,48) have intermediate REE abundances with a small negative 

and positive Eu anomaly, respectively, while a leucocratic 

but alkali feldspar-rich leucocratic tonalite (sample 43) 

has the highest REE contents and a very pronounced negative 

Eu anomaly. A quartz gabbro (sample 47) displays a more 

pronounced depletion in the light REE. 

On the western side of the complex, a tonalite (sample 

42) and a granophyre (sample 41) (Fig. 34a) also have flat, 

unfractionated patterns with a small relative depletion in 

the light REE. The granophyre has a large negative Eu anom-

aly and an overall positive slope, dipping toward the light 

REE. 

Central Region 

Three samples of tonalite from the foothills and west­

ern flank of the Sierra San Pedro Martir, and an additional 

sample from the southern portion of the La Posta pluton have 

been analyzed (Fig. 35). One of the tonalites (sample 50) 

is from the seriate porphyritic unit of the distinctive San 

Jose pluton (Murray, 1978). 

All of these rocks display the same heavy REE depleted 

pattern found in the central region in southern California. 

Two of the tonalites (samples 50,52) and the low-K
2
o grano­

diorite (sample 32) have slight positive Eu anomalies. The 

pattern of the low-K 20 granodiorite, from the La Posta pluton, 
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FIGURE 35. REE patterns of 3 tonalites and 1 low-K 2o grano­

diorite from the central region, Baja California. Field 

for similar rocks of the central region in southern 

California is indicated for comparison. 
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is essentially identical to the pattern obtained from the 

sample of this pluton in southern California, 40 km to the 

north. The pattern of the remaining tonalite (sample 51) is 

indistinguishable from similar tonalites in southern Califor­

nia (Fig. 29). 

Eastern Region 

A tonalite from the base of the eastern scarp of the 

Sierra San Pedro Martir (sample 53), a tonalite gneiss from 

the Sierra de la Cucopah (sample 37), granodiorites from the 

Sierra Juarez (sample 36) and the desert ranges east of San 

Felipe (sample 54), and an adamellite from the Sierra del 

Mayor (sample 38) all have fractionated REE patterns (Fig. 

36). In all these samples except the tonalite gneiss, the 

near linear patterns in the light and middle REE grades into 

a concave-up curvature in the heavy REE, and Eu anomalies are 

very small or absent. A strong similarity exists between the 

shape of these patterns and those obtained for eastern tona­

lites and some granodiorites in southern California, although 

the light REE contents of these rocks do not range to as high 

values. 

The tonalite gneiss is distinct from the other Baja 

California samples, but it is quite similar to a low-K 2o 

granodiorite in southern California (sample 17). Its REE 

pattern is concave-down in the light REE, has a moderate neg­

ative Eu anomaly, and has much higher concentrations of heavy 

REE. Slopes in the middle to heavy REE are still subparallel 
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FIGURE 36. REE patterns of 2 tonalites, 2 granodiorites, 

and an adamellite from the eastern region, Baja Cali-

fornia. Fields for eastern tonalites and eastern gran-

odiorites in southern California are indicated. 
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to other samples in this region. 

Gabbros 

The original use of the name gabbro in the Peninsular 

Ranges batholith included a wide variety of rock types from 

peridotite to quartz-biotite gabbros (Miller, 1937; Larsen, 

1948). In this work, however, a distinction is drawn among 

the gabbros, dividing them into two groups: those contain-

ing at least several. percent free quartz and biotite, and a 

sadie labradorite plagioclase, termed quartz gabbros; and 

those with only traces or no free quartz and biotite, and a 

more calcic plagioclase, hereafter referred to as gabbros 

with various other mineralogic or chemical qualifying terms. 

A set of significant petrologic and geochemical dis­

tinctions can be drawn among these two gabbro groups. In 

the field as well as petrographically, quartz gabbros are 

transitional to tonalite. They share the same mineral assem-

blages, differing only in proportions and plagioclase campo-

sit ion. The geochemical characteristics of the quartz gab-

bros are closely related to the tonalites, which is particu­

larly well displayed by the indistinguishability of quartz 

gabbro and tonalite REE patterns (Fig. 26). In contrast, 

gabbros do not appear to grade into more silica-rich lith-

ologies. Some gabbroic bodies in central San Diego County 

have been shown to be differentiated complexes (Walawender, 

1976; Nishimori, 1976); others are not. Their compositions 

tend to scatter on otherwise smooth chemical variation dia-
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grams and trends (Larsen, 1948; Baird, Baird, and Welday, 

1974), and they have somewhat displaced regional variations 

. 87 86 in 1nitial Sr/ Sr ratios (Early and Silver, 1973). As 

is seen below, these gabbros usually display exceptional 

features in their REE patterns. 

The six gabbro samples which have been analyzed are 

presented grouped according to their dominant mafic mineral. 

Two of three pyroxene gabbros (Fig. 37) are in southern Cal-

ifornia: a noritic hornblende gabbro (sample 8) from the 

Johnson quarry in Pala, which is located in the western re-

gion; an olivine-rich, anorthitic gabbro (sample 16; in Ap-

pendix I) located within the eastern region. The REE pat-

tern of the gabbro from Pala is parallel to the western quartz 

gabbros and tonalites, but with much lower concentrations of 

REE and a large positive Eu anomaly. The REE abundances of 

sample 16 are exceptionally low, the lowest of any rock mea-

sured in this study. In contrast to the gabbro from Pala, 

the slope of the pattern of sample 16 is highly divergent 

from those of other rocks of the eastern region. 

A pyroxene gabbro (sample 49) containing some free 

quartz, from the central region in Baja California, has abun-

dances and fractionations of REE comparable to nearby tona-

lites, with the qualification that its positive Eu anomaly 

is slightly larger. In some contrast to the two other pyr-

oxene gabbros, this gabbro follows the trends and abundances 

displayed by rocks of the same geographic region. 
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FIGURE 37. REE patterns of 3 pyroxene gabbros. Field for 

characteristic western tonalites in southern California 

is indicated. 
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The three hornblende gabbros (Fig. 38) have additional 

variations. A gabbro (sample 7) 15 km NE of the Pala gabbro 

has similar REE abundances and a parallel slope to this sam-

ple, but a distinctly smaller positive Eu anomaly. The two 

other hornblende gabbros have strikingly different character-

is tics. A gabbro from Los Pinos Mountain (sample 27) (Wala-

wender, 1976) located in the western region, and a gabbro 

(sample 33) from the central region just south of the border 

both possess an unusual light REE depletion with a very pro-

nounced dip from Nd to Ce. This is accompanied by an unfa-

miliar linear sloping characteristic in the heavy REE. 

gabbros also have modest positive Eu anomalies. 

Both 

The diversity in the field, petrographic, and chemical 

features of the gabbroic rocks of the Peninsular Ranges are 

matched by the range of the REE variations observed here. A 

more comprehensive study of the gabbros is desirable. 

REGIONAL PATTERNS OF REE VARIATIONS IN ROCKS 

The foremost feature of these data is that the REE 

fractionations of granitic rocks vary systematically and 

drastically across the Peninsular Ranges batholith, from near 

flat in the west to highly fractionated in the east. This 

variation is transverse to the long axis and structural trends, 

and parallel to known asymmetries in petrologic, geochrono-

logic, and Sr isotopic properties. While there are differ-

ences in the REE characteristics associated with variations 

in bulk composition within each region, these differences are 
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FIGURE 38. REE patterns of 3 hornblende gabbros. Field for 

characteristic western tonalites in southern California 

is indicated. 
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for the most part secondary compared to the magnitude of the 

geographically correlated trends . In contrast, there is a 

strong tendency towards persistent REE characteristics paral-

lel to the axis 

regions. 

of the batholith in each of the longitudinal 

The abundant tonalites , which have comparable bulk and 

mineral compositions whether from the weste r n, central, or 

eastern regions, illustrate the regional trends . The uni-

formity in the abundances and fractionations of the REE, in­

cluding the magnitude of the Eu anomaly, in almost all the 

tonalites and quartz gabbros of the western region is strik-

ing. Tonalites of the central region also display much in-

ternal similarity in their REE characteristics, but contrast 

with western rocks of similar composition. They are strong-

ly fractionated in the middle to heavy REE, with contents of 

the heaviest REE a factor of three to five less than the 

western tonalites. Also, unlike their western analogues, 

these tonalites do not have negative Eu anomalies. The 

tonalites of the eastern region, with one exception, display 

a consistent steep-sloped fractionation pattern . The con -

centrations of heavy REE range to lower values and have a 

somewhat steeper slope than found in most of the central 

tonali t es . The largest difference is in the abundance and 

fractionation in the light REE . Whereas the Ce contents of 

the central tonalites do not exceed 50 times chondrites, 

they range from 75 to over 120 times chondritic levels in 
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ly linear. 
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The overall fractionation patterns become near-

The tonalites thus display two separate and distinct 

major changes in their REE patterns from west to east. The 

first transition is a fractionation and depletion of the 

progressive middle to heavy REE and disappearance of negative 

Eu anomalies. The second transition is light REE enrichment 

with a steep, near linear slope. 

marized in Figure 30. 

These variations were sum-

In southern California, a special effort was made to 

obtain samples close to the geographical boundary between 

the western and central regions. There were two purposes: 

to more precisely locate this boundary, and to determine 

whether the transition was sharp and discontinuous, or a 

smooth variation. This effort yielded a tonalite and a low-

K
2

0 granodiorite which appear to have some slightly transi­

tional properties in their REE patterns (Fig~ 27). These 

rocks are distinguished from the rest of the western tonalites 

by their very slightly steeper slopes in the middle to heavy 

REE and somewhat higher light REE contents. They resemble 

most closely the tonalites of the western region, their dif­

ferences being small compared to the other regional changes. 

The di3tribution of data points restrict these rocks to : only 

a narrow strip compared to the rest of the western and central 

tonalites, which underly broad areas over which they have 

uniform characteristics. 
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The boundary between the western and central areas is 

placed at or just to the east of these rocks, and the tran-

sition is inferred to be abrupt. This boundary is drawn as 

a smooth curve in Figure 23, although in a few places it must 

be bent. The actual boundary may be somewhat more irregular, 

perhaps following contacts between intrusive units. This 

would be true if large intrusive units were internally uni­

form with respect to regional variations, a fact which has 

not been generally demonstrated. 

The boundaries do appear to be modified by the young 

NW-trending right lateral faults of the Peninsular Ranges, 

and appear to cross them. The density of REE data points 

does not allow any independent quantitative estimate of off-

set on the Elsinore and San Jacinto faults; offsets in ex-

cess of several tens of kilometers appear unlikely. 

In addition to systematic west to east REE variations, 

some variations along the axis of the batholith are apparent. 

The flat to light REE depleted patterns of the San Telmo 

pluton in Baja California have not yet been recognized to the 

north. This type of pattern has only been commonly observed 

in near-trench volcanics of island arcs and in mid-ocean 

ridge basalts. Their absence to the north does not seem to 

represent lack of exposures. These observations complement 

previous studies suggesting the batholith was part of a con­

tinental margin magmatic arc in southern California, extend­

ing to an oceanic island arc along strike into Baja Califor-
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nia (Silver et al., 1963; Silver, 1974). 

Two other minor features discriminate between REE data 

from southern and Baja California. The rocks of the eastern 

region in Baja California do not attain as high absolute con­

centrations of light REE as rocks in comparable positions to 

the north, although fractionations are similar. Also, fewer 

of the rocks from the central and eastern regions in Baja 

California have negative Eu anomalies, although sampling may 

be too sparse to firmly demonstrate this. 

REE FRACTIONATIONS AND CONCENTRATIONS 

AS A FUNCTION OF ROCK BULK COMPOSITION 

One of the most surprising features of these data is 

a lack of correlation of variations in REE characteristics 

with major variations in bulk composition. The striking uni-

formity observed in the REE patterns of the western tonalites 

and quartz gabbros in southern California persists despite 

the considerable range in the modal and chemical compositions 

of these rocks. This range is reflected in fue more calcic 

feldspar and higher color indices of the quartz gabbros, and 

in Si0
2 

contents from 53% to 65% (Silver, per. comm.). The 

magnitude of the Eu anomalies is essentially constant among 

these rocks, and the small variations in this quantity as 

well as in the abundances and fractionation of the REE do not 

correlate with rock type. However, two low-K
2
o granodiorites 

have larger negative Eu anomalies. 

This discussion can be extended to the highly siliceous 
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leucogranodiorites of the western region. Some of these 

rocks,~ay have steeper slopes in the light REE, a reversal 

in slope in the heavy REE, and most have larger negative Eu 

anomalies. But not all these rocks have each of these fea-

tures: some may have one but not others. With the exception 

of the Eu anomaly, some of these siliceous rocks of Woodson 

Mountain type have patterns very much like the tonalites. 

The overall similarity in slope has already been noted. The 

unusual REE pattern of granodiorite sample 25, with low con­

tents of REE, negligible Eu anomaly, and turned up ends is 

closely paralleled by the equally unusual pattern for a 

tonalite (sample 31) just south of the border. Compared to 

the other rocks with which they are classified, these rocks 

do not possess unusual petrographic characteristics. This 

indicates that these features are not the result of extensive 

high level mineral fractionation processes. 

Two low-K 20 granodiorites from the central regions, both 

from the large La Posta pluton, have REE abundances within 

the range observed for the tonalites of the same region, and 

very similar fractionations. In the eastern region in southern 

California, the granodiorites are distinguished from the ton­

alites by their higher heavy REE contents and some development 

of neg~tive Eu anomalies. In Baja California, the eastern 

granodiorites differ little from the tonalites in REE abun­

dances, and they do not have negative Eu anomalies. Oddly, 

one of the tonalites does have a negative Eu anomaly. 
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The only compositional group of rocks which tend to 

have distinctive REE patterns are the gabbros. If the few 

analyses of these rocks may be generalized, they always have 

low concentrations of REE and positive Eu anomalies. The 

considerable variations in the shape of the patterns may re­

late to the differences in mineral assemblages in these rocks, 

which will be discussed in a later chapter. 

Thus it appears that with the possible exception of 

gabbros, few elements of consistency can generally be drawn 

between REE concentrations and fractionations and bulk com-

positional variations. A more detailed and quantitative 

treatment of this topic, addressed within the context of 

differentiation processes and utilizing previously presented 

data on the distribution of REE among minerals, is given in 

the next chapter. 

REGIONAL VARIATIONS IN PETROLOGIC PATTERNS 

It was noted earlier that petrologic asymmetries are 

present across the batholith. Among these is the limitation 

of abundant gabbro (including gabbro and quartz gabbro) and 

siliceous leucogranodiorite to the western side of the bath-

olith. Larsen (1948) noted in southern California that the 

boundary between that part of the batholith in which these 

lithologies were abundant and that in which they are not is 

about parallel to the long axis and structural trends in the 

batholith. This boundary appears to be fairly sharp, although 

not necessarily areally smooth, at least in the parts of the 
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batholith with which I have familiarity. 

During the course of this study, it became apparent 

that the boundary between the western and central regions -

a boundary defined solely by a discontinuity in the REE char­

acteristics of the rocks - occurred at about the same place. 

To pursue this possible correlation, the extensive study of 

the chemical composition variations of the batholithic rocks 

of part of southern California by Prof. A. Baird and colleagues, 

Pomona College, (unpublished, but summarized in Baird et al., 

1974a,b) was consulted. This work involved statistical sam­

pling and X-ray fluorescence analysis of plutonic rocks of 

the northern part of the Peninsular Ranges batholith and ad-

jacent regions in southern California. By recasting chemical 

data made available by Prof. Baird into differentiation in­

dices or norms, it is possible to obtain an estimation of the 

regional distribution of the various lithologies. 

The areal divisions obtained from the REE study have 

been superimposed upon Baird's array of sample locations, as 

seen in Figure 39. The area in which the density of REE 

analyses is highest is a 70 km wide traverse across southern 

California, from Oceanside to Indio, as indicated by the 

shaded pattern ·.in the figure. As a means of indexing the 

composition of the rocks with a single parameter, the Larsen 

differentiation index (1/3 Si0 2+K 20+CaO-MgO-FeOtotal) was 

chosen. Frequency histograms of Larsen indices were compiled 

for rocks of the areas of the three principal REE regions 



155 

FIGURE 39. Array of sample locations within the northern­

most Peninsular Ranges for the chemical studies of 

Baird and others. Shaded region is the area of the 

greatest density of REE analyses, and only those sam­

ples occurring within this region are considered in 

Figure 40. Curved lines indicate areal division into 

western, central, and eastern REE groups. 
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traversed in this profile (Fig. 40). 

The histogram of Larsen indices for the plutonic rocks 

of the western region displays the broad range in bulk com­

position from calcic gabbros to leucocratic adamellites, 

representing Si0 2 contents from less than 50% to greater than 

75%. The frequency distribution of Larsen indices is not 

uniform, possessing distinct modalities for gabbros, tonalites, 

and granodiorites and adamellites. A distinct minimum is 

present between the tonalites (Larsen indices up to 14) and 

the siliceous leucogranodiorites of the Woodson Mountain type 

and leucocratic adamellites (most with Larsen indices between 

20 and 26). This diagram emphasizes the local abundance of 

these quartz-rick rocks and complements Larsen's map of the 

northwestern corner of the batholith. Although plutons do 

display variations in composition and the distinction among 

rock types is in places arbitrary, Larsen's estimates of the 

areal abundances of the various lithologies also indicate 

a significant areal underrepresentation of rocks with com­

positions intermediate between tonalite and siliceous leuco­

granodiorite. 

This compositional distribution is contrasted against 

the histogram of Larsen indices of rocks from the central 

region. Most rocks of the central region are represented by 

a much more restricted range of indices, with very few gabbros 

present and a much reduced number of quartz-rich rocks. The 

distribution is unimodal with a strong maximum corresponding 
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Figure 40. Frequency histograms of Larsen indices (1/3 Si0 2 

+ K2o -CaO -MgO - FeOtotal) for the REE-defined western, 

central, and eastern regions in the northernmost Penin-

sular Ranges. The Larsen indices are calculated from 

unpublished chemical analyses provided by Prof. A. 

Baird, Pomona College. 
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to the ubiquitous tonalites and lesser low-K
2
o granodiorites. 

Quartz gabbros are essentially absent. The tonalites of this 

region tend to have lower color indices , which is reflected 

in their somewhat higher Larsen indices . The form of the 

frequency distribution for the rocks of the eastern region 

is similar to that of the central region , but shifted to 

higher Larsen indices. Tonalites and low-K
2
o granodiorites 

are subequal in abundance, and a lesser but significant num-

ber of more siliceous lithologies are present. As in the 

central region, gabbros are rare. 

The histograms of compositional abundance support the 

significant correlation between the changes in REE character 

between the western and central regions and the composition -

al variations indicated by Larsen's map. Information about 

rock distribution in San Diego County and northern Baja 

California suggest the correlation persists , although some-

what less rigorously to the south (Silver, per . comm.). It 

appears that the combination of source region characteristics 

and petrogenetic processes which produced the petrographic 

diversity of the west side of the batholith also controlled 

its REE character . The lithologic distinction between the 

central and eastern regions is less pronounced. 

REE CHARACTERISTICS COMPARED TO 

GEOCHEMICAL , ISOTOPIC, AND AGE PATTERNS 

General Statement 

. 87 86 
The Sr concentrat1ons, Sr/ Sr initial ratios, oxy-
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gen isotopic compositions and ages of the granitic rocks 

have been shown by others to vary systematically across the 

. 87 86 batholith. Sr concentrations, init1al Sr/ Sr ratios, and 

o 18o values generally increase to the east and ages decrease. 

In as much as the REE patterns of the rocks vary across the 

batholith, some significant correlations between the REE 

patterns and each of these parameters are indicated. However, 

each correlation has its own qualities, and ultimately its 

own significance. 

REE Fractionation Versus Sr Concentration 

In the comparisons of the variations of REE fractiona-

tion patterns with compositional abundances it was observed 

that the pattern slopes in the middle to heavy REE region 

displayed little dependence on lithology. A measure of the 

slope in this region will therefore provide an index of REE 

fractionation largely free of the influence of bulk composi-

tion. For this purpose, a chondrite normalized Sm/Dy ratio 

is selected as it covers the most important part of this re-

gion. 

In Figure 41, the normalized Sm/Dy ratio is plotted 

against Sr concentration for all tonalite and quartz gabbro 

samples for which both REE and Sr have been determined. 

Consideration has been limited to these lithologies as Sr 

concentration is somewhat dependent on lithology. REE frac-

tionation and Sr concentration exhibit a good correlation on 

this plot, and a grouping by regions is observed. The quartz 



162 

Figure 41. Chondrite-normalized Sm/Dy ratio versus Sr con-

centration for quartz gabbros and tonalites in the 

Peninsular Ranges. The samples are grouped by geographic 

region. The symbols differentiate between samples from 

southern and Baja California. Sr concentrations are 

from unpublished data of Early and Silver. 

The western and central groups show limited over­

lap in Sr concentration, whereas the central and eastern 

groups have considerable overlap. An eastern tonalite 

(sample 37) appears anomalous in Sm/Dy ratio. Note 

that within the western and central groups, this limited 

sampling suggests a north-south distinction in Sr con­

tent. 
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gabbros and tonalites of the western regions have low Sm/Dy 

ratios and Sr contents and are tightly grouped with the ex­

ception of a transitional tonalite (sample 22). Tonalites 

of the central and eastern regions tend to have progressively 

higher values of both quantities . 

There appears to be a gap in the distribution of points 

between the western and central regions, even though there 

is not a geographic gap among the sample locations. In fact, 

in southern California there is a higher density of samples 

near the boundary as a result of efforts to study this tran-

sition. This gap is the expression of not only an abrupt 

change in REE characterist ~cs between the western and central 

regions, but also in Sr concentration for all but one of the 

tonalites. This appears particularly pronounced for the sam-

ples from Baja California, but more extensive sampling is 

required to adequately document this. 

The tonalites from the eastern region in southern Cal­

ifornia plot along trend, but one of the eastern tonalites 

from Baja California is anomalous. There is substantial over-

lap in Sr concentration among the tonalites from the central 

and eastern regions. 

Thus it appears the western and central regions have 

distinct REE fractionation and Sr concentration characteris­

tics which persist along the length of the batholith segment 

studied. The differences between the central and eastern 

groups, in terms of these parameters, are less pronounced. 
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REE Fractionation Versus 87 srt 86 sr Initial 

Ratio, 0180 
' and Age 

87 86 
A plot of Sm/Dy ratio against Sr/ Sr initial ratio 

(fig. 42) indicates a general correlation between these pa-

rameters, but with some very different characteristics. In 

contrast to the gaps in both REE fractionation and Sr concen-

tration data between the western and central regions, there 

is a very considerable overlap in their Sr isotopic compo-

sitions. Conversely, the eastern region appears isotopically 

distinct from the other regions, with more radiogenic com-

positions. 

Thus Sr isotopic composition and REE fractionation do 

not correlate in the same manner as Sr concentration and 

REE fractionation. A corollary of this is that Sr isotopic 

composition and Sr concentration also do not correlate in 

the same way. A portion of the noncorrespondence in these 

data can be attributed to north-south differences along the 

batholith axis. This is evident in the observation that 

some of the most pronounced discrepancies in figure 42 are 

among points from southern California and Baja California; 

rocks from the same REE region north and south of the border 

appear isotopically distinct. Better correlations exist in 

local profiles. Viewed in plan (Fig . 43), isopleths of con-

stant initial 
87

srt
86

sr ratio and the boundaries between the 

REE-defined regions have local alignment, but deviate sub-

stantially from complete parellelism along the length of the 
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Figure 42. Chondrite-normalized Sm/Dy ratio versus initial 

87 86 . 
Sr/ Sr rat1o for quartz gabbros and tonalites in 

the Peninsular Ranges. The samples are grouped by 

geographic region. The symbols differentiate between 

samples from southern California and Baja California. 

Sr isotopic values are from unpublished data of Early 

and Silver. Note the large overlap in initial 

87 86 
Sr/ Sr ratio between the western and central groups, 

but the distinctly higher values for the eastern 

group. Within this limited sampling, the rocks from 

Baja California are less radiogenic than corresponding 

samples from southern California in the western and 

central regions, 
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87 86 Isopleths of constant initial Sr/ Sr ratio 

and the boundaries between the REE-defined regions 

in the Peninsular Ranges. The sample locations are 

those analyzed for REE. The isotopic isopleths are 

determined on a larger set of samples, indicated 

in Figure 2. Note the general parallelism of these 

varitions over local profiles, but their deviation 

along the length of the peninsula. 
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peninsula, as do many other important parameters. 

The along-axis discrepancies observed for the correla­

tion between REE fractionation and 87 sr; 86 sr initial ratio 

is also true for the correlation between REE fractionation 

This can be viewed as largely a consequence of 

the general correlation between the isotopic compositions of 

Sr and 0 (Taylor and Silver, 1978). The discontinuity in the 

variations of o18o of the batholithic rocks, which paralells 

the axis of the batholith and does not have a counterpart in 

the Sr isotopic variations, does not correlate simply to the 

discontinuities in the REE variations. In most of southern 

California and northernmost Baja California, the o18o step 

and the abrupt transition in REE characteristics from the 

western to central regions coincide, or very nearly do so. 

~rther to the south, however, the two diverge, and the 

18 western and central regions no longer have contrasting o 0. 

At the latitude of the southernmost samples, the step in 

18 o 0 may more closely correspond to the boundary between the 

eastern regions. 

The eastward decrease in ages of the intrusives across 

the Peninsula suggests that a general correlation between REE 

fractionation and age may exist, just as with all the previ-

ously discussed properties. But as with the isotopic varia-

tions, there is considerable deviation from a simple correla-

tion. The step in the age pattern (Silver, per. comm.) does 

not coincide with a single REE boundary transition, but dis-
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18 continuities of ages and o 0 appear to share a common nar-

row belt parallel to the batholith axis (Taylor and Silver, 

1978). This belt is approximately in the region of the cen-

tral REE fractionation zone. 

SUMMARY 

REE patterns of plutonic rocks display large, system-

atic but discontinuous variations from west to east across 

the Peninsular Ranges batholith, transverse to the long axis 

and structural trends of this magmatic arc. The consistent, 

slightly fractionated patterns of the western rocks make an 

abrupt transition to middle and heavy REE fractionated and 

depleted patterns for rocks in the central region of the 

batholith. Further to the east, a second well defined tran-

sition to strongly light REE enriched rocks occurs. The 

slopes of the REE patterns within each of these regions are 

largely independent of rock type, with the exception that 

certain gabbros may show divergent trends. 

These variations in REE fractionation generally corre-

late with other transverse asymmetries in petrologic, geo-

chemical, isotopic, and geochronologic parameters. Detailed 

comparisons reveal distinct and genetically significant di-

vergences. An excellent correspondence exists among REE 

fractionation, Sr concentration, and petrologic character-

istics in the western and central regions, suggesting a com-

mon explanation for their origin. The eastern region can 

be clearly distinguished in both REE fractionation and ini-
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87 86 
tial Sr/ Sr ratio from the central and western regions. 

18 The discontinuities in o 0 and age distributions in the 

batholith do not consistently correlate with the REE discon-

tinuities; they are locally divergent by the dimensions of 

one or two plutons. 

The REE relationships provide critical information for 

the evaluation of the origin of all these variations and for 

understanding of the mechanisms, processes, and sources par-

ticipating in the generation of the batholithic magmas. The 

REE data collected on minerals in this study provide impor-

tant insight into the behavior of REE during crystallization 

of these rocks and during any high level differentiation 

processes. All of the above information is applied in the 

following chapter to a discussion of the problem of the ori-

gins of the REE variations. 
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CHAPTER 3 

ORIGIN OF THE REE VARIATIONS 
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HIGH LEVEL PROCESSES 

THE ROLE OF CRYSTAL FRACTIONATION 

Regional Variations 

Textural observations and bulk chemistry indicate the 

major early crystallizing phases in the abundant tonalites 

are plagioclase, hornblende, and quartz. This is supported 

by the common presence of these phases as phenocrysts in vol­

canic rocks of related chemistry, and their occurrence as 

liquidus or near liquidus phases in experimental studies 

conducted at crustal pressures (e.g. Eggler and Burnham, 

1973). The general plagioclase/groundmass and hornblende/ 

groundmass REE distributions have been measured by several 

workers in a wide variety of volcanic rocks, yielding con­

sistent fractionation patterns for the trivalent REE which 

are taken to approximate equilibrium fractionations. The 

whole-rock-normalized REE patterns for plagioclase and horn­

blende in plutonic rocks from the Peninsular Ranges batholith 

are quite similar in form to these general fractionation pat-

terns (Figs. 44 and 45). This consistent REE behavior sup-

ports the operation of straightforward magmatic crystalliza­

tion processes for the batholithic rocks and lends confidence 

to the application of REE fractionations in interpretation 

of the courses of plutonic crystal differentiation processes . 

It is noted that the absolute values of the mineral/melt dis­

tributions are much more variable than their shape. The 
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Figure 44. Comparison of selected plagioclase/groundmass 

REE distributions in volcanic rocks and plagioclase/ 

whole rock REE distributions in a western tonalite 

(sample 1), a central tonalite (sample 50), and an 

eastern granodiorite (sample 19). These patterns 

have a strong similarity in shape, but the granodior­

ite plagioclase displays much lower absolute values. 

Figure 45. Comparison of selected hornblende/groundmass 

REE distributions in intermediate to felsic volcanic 

rocks and hornblende/whole rock REE distributions in 

a western tonalite (sample 1) and an eastern granodi-

orite (sample 19). The volcanic and granodioritic 

hornblendes have remarkably similar REE distribution 

pattern shapes, but the tonalitic hornblende pattern 

is significantly flatter. 
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following arguments will therefore be developed primarily on 

the relative fractionations of REE, and only secondarily on 

the absolute values. 

Plagioclase strongly discriminates against all the REE, 

except Eu, relative to melt. In spite of its great abundance 

(40%-65%), plagioclase holds only a small proportion of the 

total REE in almost any rock in the batholith. This is well 

displayed, for example, in the granodiorite from near Indio, 

described earlier, in which plagioclase contributes less than 

1% of all trivalent REE to the whole rock. Plagioclase will 

accept the lighter REE more readily than the heavy REE, but 

does not strongly fractionate among the heavy REE (Fig. 44). 

Therefore, removal of plagioclase by crystallization will 

not lead to significant relative fractionations of the heavy 

REE. The very low fraction of all REE but Eu in plagioclase 

indicates subtraction of plagioclase will increase the con­

centration of all trivalent REE in a nearly uniform manner. 

In effect, plagioclase is a diluent for these REE in batho­

lithic rocks. 

Among the major rock-forming minerals in the batholith, 

hornblende is capable of fractionating the REE most effec-

tively. Hornblende can be an important site for the REE in 

these rocks. In the case of the granodiorite near Indio, 

hornblende contributes up to 15% of the heavier REE to the 

whole rock (Fig. 17) and is the only major mineral holding 

a substantial proportion of REE. In the tonalite near Val 
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Verde, the weight percent of hornblende in the rock (11.8%) 

indicates that roughly half of the middle (except Eu) and 

heavy REE of the whole rock are contained in this mineral. 

The mineral data of Towell et al. (1965) suggest that most 

of the REE in the sample of San Marcos gabbro which was anal-

yzed was also present in hornblende. Removal of even rela-

tively small proportions of hornblende can lead to modifica­

tions in the REE character of the remaining system. 

Hornblende/groundmass and hornblende/whole rock dis­

tributions are consistently concave-down with steep positive 

slopes in the lighter REE. Subtraction of hornblende will 

produce a complementary negatively sloped, concave-up light 

REE pattern in the residual melt. These effects are illus-

trated in Figure 46 which displays the REE patterns result­

ing from progressive crystallization of hornblende from a 

western tonalite (sample 1) according to the Rayleigh frac-

tionation law. In this particular example, crystallization 

of hornblende results in depletion of most REE in the melt. 

In other cases this will vary with the absolute value of the 

distribution coefficients. The pertinent point here, however, 

is the analysis of the effect of hornblende crystallization 

on the shape of the REE pattern of the residual liquid. The 

increase in slope across the light REE in the liquid for 

progressive hornblende crystallization results from the steep 

positive slopes for the light REE in the hornblende distri-

butions. These distributions flatten through the middle to 
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FIGURE 46. The effect of progressive hornblende crystalli-

zation on the REE pattern of a western tonalite (sam­

ple 1). Crystal fractionation is performed according 

to the Rayleigh fractionation law using the following 

mineral/melt distribution coefficients (from Arth and 

Barker, 1976): Ce, .90; Nd, 2.80; Sm, 3.99; Eu, 3.44; 

Gd, 5.47; Dy, 6.19; Er, 5.94; Yb, 4.90. 

As hornblende is progressively removed by crys­

tallization, the increased slope of the light REE and 

the development of positive Eu anomalies and spoon­

shaped patterns in the middle to heavy REE are notable. 
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heavy REE, resulting in much more limited relative fraction-

ation among these elements. As is seen in Figure 46, siz-

able relative fractionation across the middle to heavy REE 

occurs only for large amounts of hornblende crystallization. 

Dy and Er are more strongly depleted than lighter or heavier 

REE, producing a concave-up, spoon-shaped pattern in this 

region. 

liquids. 

Positive Eu anomalies are produced in the derived 

Comparison of these effects with the observed regional 

variations in REE character does not suggest that hornblende 

crystallization has played an important role in producing 

the regional trends. The transition in REE character from 

the western to central regions is a strong fractionation in 

the middle to heavy REE (e.g. Fig. 29), a region where horn­

blende is least effective or incapable of producing relative 

fractionations. The minimal changes in slope across the light 

REE between the western and central tonalites does not cor­

respond well to the steep slopes expected from the hornblende 

distributions. 

The transition from the central to eastern regions in­

volves an increase in abundance and fractionation of the light 

REE and a slightly increased fractionation of the middle to 

heavy REE (e.g. Fig. 30). The variations in the light REE 

might be related to hornblende fractionation, but the increased 

slope across the middle to heavy REE cannot be explained the 

same way. Spoon-shaped patterns expected from hornblende 
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crystallization are not generally observed. From the range 

of observed variations of the behavior of REE in hornblende, 

its fractionation alone does not appear capable of producing 

the observed regional variations. 

The other major minerals in the intermediate to felsic 

batholithic rocks are biotite, quartz, and in some cases al-

kali feldspar. The unfractionated biotite/whole rock REE 

distribution in the granodiorite near Indio, represented in 

shape by the biotite pattern in Figure 17, is similar to 

biotite/groundmass distributions in volcanic rocks. Crys-

tallization of quartz, another diluent for REE, will simply 

increase the concentration of all REE in the melt. REE 

distributions for alkali feldspar are generally comparable 

to plagioclase, and the same arguments apply. In gabbros 

and quartz gabbros, pyroxenes and in particular clinopyroxene 

appear as major phases . Clinopyroxene shares a similarly 

shaped REE distribution with hornblende, and its effect on 

the REE patterns of derived liquids can be expected to be 

similar. 

On the basis of the REE fractionation characteristics 

of these minerals, crystal fractionation involving assemblages 

of the major minerals do not provide an explanation for the 

regional REE variations. 

An independent argument leading to the same conclusion 

comes from comparing the bulk composition and major mineral 

assemblages of the tonalites across the batholith. The simi-
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larity in bulk composition of tonalites possessing very dif­

ferent REE characteristics and containing hornblende as the 

only significant REE-bearing major phase constrains high-level 

fractionation processes to a limited role. The chemical corn-

position and mineral assemblages of selected tonalites may 

be compared in Appendix I. 

Minor Minerals 

The precipitation of minor minerals with high concen­

trations of REE may have a profound effect on the REE char-

acteristics of the melt. The mineral study of the grana-

diorite near Indio revealed that accessory phases such as 

allanite and sphene can contain most of the REE in some rocks. 

Extended observations of accessory minerals in a broad sam­

pling of batholithic rocks by Prof. Silver (per. comm.) in­

dicate this will be generally true of rocks from the central 

and eastern regions of the batholith (and probably will apply 

to many other rocks as well). Typically, eastern rocks have 

highly fractionated patterns with low heavy REE and high 

light REE contents. Most of the allanite and sphene crystals 

occur as large, euhedral, independent grains, and are appar-

ently among the earlier minerals to crystallize. If most of 

the allanite and sphene precipitated from the melt early, it 

may become strongly depleted and possibly fractionated in 

REE after a moderate degree of crystallization. 

The study of REE distributions among minerals in the 

granodiorite near Indio is very relevant to this discussion. 
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The observed REE zoning trends in allanite and sphene (Figs . 

18 and 19) suggest that the REE content of melt and perhaps 

the chemical potential of REE ions in the melt decreased as 

these minerals crystallized. The argument for a decrease 

in REE concentration in the melt is firmest for sphene, as 

explained below, where the REE are not major constituents 

which influence its stability . As crystallization proceeds 

in a magma, some change in the partitioning of REE between 

sphene and melt is anticipated. The melt will progressively 

become more Si0
2 

rich and CaO, MgO, and FeO poor . Deductions 

concerning compositionally related modifications of melt 

structure presented earlier indicate that partitioning of 

REE into Ca bearing minerals such as sphene will be enhanced 

during this process. If the concentration of REE remained 

the constant in the melt during crystallization, it might be 

expected that the REE contents of the sphene would increase 

core to rim. The roughly 50% decrease in Ce concentration 

from core to rim in sphene is perhaps the minimum extent that 

Ce actually decreased in the melt during the growth of this 

grain. 

The zoning in allanite is more difficult to interpret 

as the light REE are major stoichiometric constituents whose 

concen t rations affect the stability field of this phase. The 

antithetic increase in Th from core to rim suggests that al­

lanite attempted to maintain its growth by substituting other 

components to replace the less available REE . This is con-
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4+ sistent with the arguments based on melt structure; both Th 

and the trivalent REE would be strongly excluded from a Si0
2

-

rich melt. These arguments may offer some explanation for 

the apparent lack of late growth of allanite. As crystalli­

zation proceeds, allanite can remain saturated in the melt 

with progressively lower absolute concentrations of REE in 

this melt. The energetics of coordinating these cations in 

the melt may become unfavorable as polymerization increases, 

thereby tending to maintain the chemical potential of these 

components necessary for allanite saturation at lower con-

centration levels. During the last stages of crystallization, 

trhe very small amounts of allanite components available for 

precipitation result in little observed late growth. The 

core to rim decrease in light REE in allanite would seem to 

indicate that the chemical potential of these elements ac­

tually decreased during their growth, if other effects such 

as temperature are not sufficient to explain these variations. 

In all of these discussions, of course, one must bear 

in mind that local melt-crystal kinetics may be responsible 

for all or part of the observed zoning. 

Additional evidence suggesting that the REE contents 

of the magma decreased substantially as the granodiorite 

solidified is found in the whole-rock-normalized mineral REE 

patterns. Plagioclases from the three plutonic rocks studied 

here have whole-rock-normalized pattern shapes, including the 

Eu anomaly, which are comparable to volcanic data (Fig. 44). 
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The absolute distribution values are lower, however, partie-

ularly for the plagioclase in the granodiorite . There are 

several possible explanations for this. The plagioclases in 

the plutonic rocks almost certainly crystallized and equil­

ibrated at lower temperatures than the volcanic plagioclases, 

perhaps allowing them to more effectively exclude unwanted 

REE. The rapid growth of volcanic plagioclases may not have 

allowed an equilibrium distribution to be obtained, in which 

case the plutonic plagioclases might be a better indicator 

of the true distribution. However, little explanation for 

the very low distribution in the granodiorite can be offered 

from . the above. 

A major difficulty in such comparisons of whole-rock­

normalized patterns with mineral/groundmass patterns is that 

in the plutonic case, it must be assumed that the whole-rock 

values are representative of the melt. This may be true only 

early in the crystallization history of the rock, if even 

then. Early-formed minerals may yield whole-rock-normalized 

patterns closely approximating mineral/groundmass distribu­

tions, but significant portions of minerals in plutonic rocks 

have grown from progressively changing melts, probably with 

much different REE abundances than the whole rock. The much 

lower whole-rock-normalized plagioclase patterns for the 

granodiorite as compared to the volcanic data and to plagio­

clases from the two tonalites studied here suggests that the 

early appearance of sphene and allanite depleted the melt in 



188 

REE at an early stage. The lack of significant Eu anomalies 

in the whole-rock-normalized shapes of sphene and allanite 

(seen in Fig. 17) supports the textural evidence of largely 

early crystallization of these minerals in the granodiorite. 

The two tonalites do not have parageneses involving early 

sphene or allanite. 

Whole-rock-normalized patterns can be used advanta­

geously to evaluate whether much relative fractionation of 

REE has occurred during the crystallization of the grano­

diorite. The general similarity of the whole-rock-normal­

ized REE distributions of the major minerals in the grano­

diorite to observed mineral/groundmass distributions in vol­

canic rocks indicates that the REE pattern of the melt did 

not change greatly in shape during crystallization. This is 

most readily seen in the minerals plagioclase, hornblende, 

biotite, and alkali feldspar, whose growth covers the entire 

crystallization history of this rock. It can be concluded 

that large ~ariations in the REE patterns of the progressive 

residual melts have not occurred even though REE-rich acces­

sories seem to have strongly modified REE levels in the melt. 

Further study of such features is desirable. Whole-rock-

normalized REE patterns of plutonic minerals such as sphene 

and allanite which make dominant contributions to their whole 

rocks may not reflect equilibrium mineral/melt distributions. 

Observations on mineral/groundmass distributions in volcanic 

rocks for these minerals would provide additional, indepen-
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dent comparisons. 

If some elements of high-level crystal fractionation 

processes can be adequately described by these observations 

and by the considerations of crystallization and the dis­

tribution of REE within these few rocks, these processes do 

not appear to be an effective means of producing the region­

al variations in REE. 

Finally, an independent argument against the production 

of the observed regional variations by precipitation of minor 

phases can be made. While it is possible to strongly deplete 

a melt in any component by crystallization of a small amount 

of an accessory phase rich in that component, the only way 

to increase the concentration of a component in a melt through 

crystal fractionation is to remove major quantities of mineral 

phases poor in that component. To increase the residual con-

centration two-fold, a minimum of 50% of a melt would have 

to crystallize. The close correspondence between REE frac-

tionation and Sr concentration in the tonalites of the west­

ern and central parts of the batholith (Fig. 41) suggests a 

shared response to the same differentiation mechanism, but 

the more than two-fold increase in Sr concentration cannot 

be explained by selective crystallization of small amounts 

of any minerals. Bulk compositional constraints appear to 

rule out the possibility of extensive crystal fractionation 

of major minerals to relate these rocks. By similar argu­

ments, the light REE enrichments of the eastern rocks are not 
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the result of these processes. 

REE Variations with Bulk Chemistry 

In Each Linear Region 

Introduction 

The variations in REE characteristics among rocks of 

the same linear region provide insights into and constraints 

on the differentiation processes responsible for the litho-

logic diversity. The purpose of this section is to evaluate 

the extent to which high-level crystal fractionation proc-

esse~ may have been responsible for these variations. 

Some limits can be placed on the dimensions of a dif-

ferentiating system. Considerable variations in initial 

87 86 
Sr/ Sr ratio occur in each of the REE-defined regions, and 

indicate that all rocks within these regions could not have 

been consanguineous. , Across the Peninsula, the systematic 

gradients in Sr isotopic composition appears to limit the 

size of a hypothetical differentiating system to the dimen-

sions of a few plutons at the very most. Along the length 

of the Peninsula, little constraint is provided. These rough 

dimensions are also supported by the size and shape of Rb-Sr 

fractionation domains in the Peninsular Ranges (Silver and 

Early, 1977). REE characteristics tend to be consistent within 

each defined region, and consideration below is given to in-

dividual regions. 

In most of the discussion that follows, it is assumed 

that the bulk composition and REE patterns of the sampled 
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rocks are reasonably accurate reflections of melt character­

istics. These assumptions are supported by several lines of 

evidence. Both the REE patterns and the bulk composition of 

most of the quartz bearing rocks studied here are similar to 

common orogenic volcanic rocks. The studies of REE distribu-

tion among minerals in plutonic rocks reported here and in 

Towell et al. (1965) indicate strong fractionation of REE 

among the minerals. If the bulk composition and REE contents 

of these rocks were controlled or affected to any significant 

degree by crystal accumulative processes, the uniformity in 

the REE patterns of such rocks as the western tonalites and 

quartz gabbros would be difficult to understand in light of 

their considerable range in mineral composition. These and 

other features will, however, be considered in more detail 

in the discussions here. 

Western Region 

The quartz gabbros and tonalites of the western region 

in southern California have remarkably uniform REE character­

istics over a significant range in major element chemistry 

(Fig. 26). This places a very powerful constraint on the 

differentiation processes which relate them. The variations 

in major chemical components in these rocks are highly cor­

related, as evidenced by tight curvilinear arrays in varia­

tions diagrams such as those presented by Larsen (1948) and 

in Harker-type oxide-oxide plots. Some form of simple, 

systematic differentiation, strongly controlled by phase 
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equilibria, is implied. 

Two rocks which span the larger part of this range are 

a quartz gabbro (sample 9) and a tonalite (sample 1), common 

examples of the San Marcos gabbro and Bonsall tonalite of 

Larsen (1948). These two rocks are used below to illustrate 

the effects of crystal fractionation on REE patterns. Chern-

ical analyses and petrographic descriptions of these samples 

are found in Appendix I. Early crystallizing minerals in 

these rocks are plagioclase, hornblende, clinopyroxene, and, 

probably, opaque minerals. The shape of the distribution 

coefficient patterns for the REE for the three silicates are 

well established, and Fe-Ti oxides will simply be diluents. 

It appears that there is sufficient information from REE 

distributions and bulk and mineral chemistry to evaluate 

crystal fractionation processes. 

Utilizing the bulk chemistry of these rocks and a 

range of reasonable mineral chemistries for the early crys­

tallizing phases (from Larsen, 1948, p. 164, and from my 

work in linear mixing calculations not presented here) it is 

indicated that the quartz gabbro composition can only yield 

approximately 60% to 65% of its mass as a tonalitic magma. 

A substantial amount of crystal removal is implied. Under 

conditions when H
2
o is present, the assemblage removed prob­

ably consists of subequal amounts of plagioclase and horn­

blende or plagioclase, hornblende, and clinopyroxene. For 

dry conditions, Larsen (1948) calculated olivine and clino-
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pyroxene as the hypothetical mafic minerals, but it is un­

likely that significant quantities of olivine could crystal­

lize from quartz oversaturated compositions such as the quartz 

gabbro. These early formed assemblages of minerals do resem-

ble the gabbros of the batholith, and the possible relation 

between the gabbros and the quartz-oversaturated rocks is 

considered later in this section. These major minerals will 

dominate the behavior of the REE in high-level differentia-

tion schemes. Minor REE-rich phases such as allanite and 

sphene are not considered important here because when present, 

they do not appear to crystallize early from the western 

quartz gabbros and tonalites. 

Calculations summarized graphically in Figure 47 illus­

trate the effects on the residual liquid REE pattern when 

appropriate quantities of plagioclase and hornblende are re-

moved by crystal fractionation. An approximation to mineral/ 

melt distributions used in these calculations has been obtained 

by whole-rock normalization of plagioclase and hornblende REE 

abundances from western tonalite sample 1. REE analyses of 

the same minerals in the quartz gabbro would be more appro-

priate, but were not available. The shape of the REE distri-

butions for clinopyroxene are similar to hornblende, and its 

influence on the REE can be adequately accounted for by the 

hornblende distribution. In this calculation, the whole-rock-

normalized values for the hornblende from the tonalite have 

been uniformly adjusted downward to values yielding an optimal 



194 

FIGURE 47. The effect of subtraction of hornblende and pla-

gioclase by crysta~ fractionation on the REE pattern 

of a quartz gabbro magma. The quartz gabbro REE pat­

tern is that of sample 9. All of the calculated REE 

patterns are for 40% crystallization, but for variable 

proportions of hornblende and plagioclase. This degree 

of crystallization with subequal amounts of these min­

erals is required to generate a residual liquid with 

the major element chemistry of a tonalite such as sam­

ple 1, whose REE pattern is shown for comparison. The 

distribution coefficients used in this calculation are 

as follows: 

Plagioclase Hornblende 

Ce . 1 7 5 1. 22 

Nd .070 1. 9 3 

Sm .025 2.36 

Eu .700 1. 07 

Gd .015 2.50 

Dy .008 2.50 

Er .007 2.50 

Yb .006 2.50 
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match in REE abundances for subtraction of an assemblage con­

taining subequal amounts of plagioclase and hornblende. Such 

lower values for hornblende are observed in more mafic rocks, 

and clinopyroxenes tend to have lower values as well. 

Figure 47 indicates that the behavior of REE in a sys­

tem differentiating by crystal fractionation of plagioclase 

and hornblende (and possibly clinopyroxene) is sensitive to 

the relative proportions of these phases. General agreement 

is found in REE abundance levels and fractionation in the 

middle to heavy REE when plagioclase and hornblende are sub­

equal, but an excessively steep fractionation in the light 

REE is always present in the derived residual liquids when 

considerable amounts of hornblende (or clinopyroxene) is 

subtracted. This is quite significant and can not be over-

looked. Due to the concave-down shape of their distribution 

patterns, hornblende or clinopyroxene-bearing assemblages 

subtracted in the proportions and quantities broadly sug­

gested by the major element chemistry would always produce 

considerable changes in the relative fractionation of the 

light REE in the residual liquid. Furthermore, the whole-

rock-normalized REE distribution of the hornblende in the 

tonalite has the least concave-down shape and the least steep 

slope jn the light REE. The volcanic hornblende distributions 

and the whole-rock-normalized distribution for the hornblende 

from the granodiorite near Indio have consistently steeper 

slopes in the light REE (see Fig. 45). The REE distribution 
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of the hornblende used in this calculation in both shape and 

its lowered absolute value is then the most favorable (al­

though possibly the most unrealistic) for the success of this 

differentiation scheme. 

It therefore appears that the remarkable similarity in 

the REE patterns of the quartz gabbros and tonalites from the 

western region in southern California is a major obstacle to 

models utilizing high-level crystal fractionation processes 

to explain the major chemical and petrographic differences 

among most of these closely related rocks. 

There is one western tonalite from Baja California 

(sample 31, Fig. 32) whose REE pattern does differ substan-

tially from the rest. This tonalite has lower REE contents, 

a steeper light REE fractionation, a positive Eu anomaly, 

and a reversal in slope in the heavy REE. All of these fea-

tures are what would be expected if a hornblende - dominated 

assemblage was, indeed, subtracted in a crystal differentia-

tion process. These REE features are consistent with the 

presence of abundant hornblende in the final assemblage of 

this rock. This tonalite, by its uncommon but plausible 

derivation from the other quartz gabbros and tonalites em­

phasizes the improbability that the latter were derived from 

differentiation of a single parental magma by high-level 

crystal fractionation. 

This general discussion of high-level crystal fraction­

ation can be extended to the siliceous leucogranodiorites of 
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the western region. Simple calculations show that a Bonsall-

type tonalite can yield about 50% of its mass as a melt of 

approximate granodiorite composition (e.g . Larsen, 1948, p. 

164). The removed mineral assemblage would again be domin-

ated by hornblende and plagioclase in subequal amounts. 

Since the mineral assemblage and the REE pattern of the 

starting composition (tonalite in this case) are the same 

as those used in the quartz gabbro-tonalite discussion, the 

effects on REE fractionations for this crystallization step 

can be approximated with the same diagram. 

In contrast to the uniformity in the REE patterns of 

most of the quartz gabbros and tonalites, these leucograno-

diorites are quite variable in REE abundances. Many of the 

granodiorites have steeper slopes in the light REE consis-

tent with the forms of the calculated REE patterns. Some 

granodiorites also show a reversal in slope in the heavy REE, 

suggesting the removal of a mineral with a concave-down pat­

tern observed in many hornblendes (particularly like those 

observed in volcanic rocks and the granodiorite near Indio). 

The large negative Eu anomalies present in most of the gran­

odiorites, however, would require subtraction of very plagio­

clase-rich assemblages which would be difficult to reconcile 

with the required bulk compositional changes. However , steep, 

concave-up slopes in the light REE, a reversal in slope in 

the heavy REE, low REE contents and a very limited develop­

ment of a negative Eu anomaly are observed in one leucograno-
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diorite (sample 25). These are the REE fractionation effects 

expected from hornblende and plagioclase crystallization in 

the proportion and amounts suggested by the major element 

chemistry. 

Whether the range in the REE characteristics of the 

various leucogranodiorites can be attributed to vagaries in 

the amounts or composition of the mineral assemblages in­

ferred to be subtracted in the hypothetical crystal fraction-

ation process is unresolved. If the minerals considered here 

are the only phases strongly influencing REE behavior, it 

appears difficult to derive all the granodiorites from a 

common parental magma such as might be represented by the 

tonalites. (A small amount of allanite is present in these 

rocks, but it is unlikely to have produced the observed 

qualitative characteristics.) This does not rule out the 

possibility that some degree of high-level differentiation 

has occurred, or that some of these leucogranodiorites are 

related to the tonalites by such a process. 

There are other independent lines of petrologic and 

geologic evidence suggesting that the western leucograno­

diorites are not related to the more mafic rocks by high-

level crystal fractionation mechanisms. The histogram of 

Larsen indices for the western region in southern California 

(Fig. 40) is characterized by strong modalities in abundances 

of the lithologies. Both the quartz gabbros-tonalites and 

the leucogranodiorites are abundant rock types, but relatively 
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few examples of intermediate compositions are present. In a 

crystal fractionation process, the amount of residual liquid 

must decrease continuously throughout the sequence. The very 

large proportion of leucogranodiorite in western San Diego 

and Riverside counties is incompatible with this. Addition­

ally, field relationships indicate that both tonalites and 

leucogranodiorites form independent, largely uniform intrusive 

bodies (Larsen, 1948). Whatever differentiation processes 

may relate these rocks, most of them must have occurred at 

depth. 

The question of high-level crystal differentiation has 

been examined in more detail within the San Telmo ring com­

plex in Baja California which has been studied by Prof. Sil-

ver and his students. Multiple intrusive rings of tonalitic 

rocks were emplaced in a single event. Modal compositions 

of four tonalitic rocks and one low-K
2
o granodiorite from 

the central and western parts of the complex are summarized 

in a ternary quartz-plagioclase-alkali feldspar diagram 

(Fig. 48). The height of the triangles is scaled to the 

percentage of mafic minerals; their generally small size re-

fleets the felsic nature of these rocks. The modal abun-

dance of plagioclase is limited to the range 45-55%. The 

limited range in the modal characteristics is an indication 

of the cogenetic nature of these rocks, and is accompanied 

by uniform plagioclase compositions. The plagioclase is 

zoned from interior sadie andesine or calcic oligoclase, to 
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Quartz-plagioclase-alkali feldspar ternary 

for some tonalites of the San Telmo pluton, Baja 

California. The heights of the triangles correspond 

to the percentage of mafic minerals, and the dots 

within the triangles to the position of the samples 

within the ternary if the three components are summed 

to 100%. These rocks display a very limited petro-

graphic range. 
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a rind of sodic oligoclase. 

The REE patterns of all these rocks are parallel (ex­

cept for Eu), but range by a factor of 2 . 5 in concentrations 

(Fig. 34b). The rock with the highest REE contents has a 

very large negative Eu anomaly (55%). In the other rocks, 

the small Eu anomalies do not correlate with REE concentra-

tions. Sr concentrations in these rocks also vary by a 

factor of 2, but not smoothly with REE content or Eu anomaly. 

The amount of crystal differentiation implied by these 

variations far exceeds the amount permitted by the limited 

modal variations and, in particular, the uniform plagioclase 

composition. The zoning present in plagioclase implies 

melt composition changed significantly during final crystal­

lization, establishing the potential for large differentia­

tion effects, but the uniformity in plagioclase among these 

various rocks demonstrates that appreciable differentiation 

did not occur. The fact that nearly all the Sr in these 

rocks is in a single major phase - plagioclase - rules out 

the possibility that the observed variations in Sr and REE 

could be due to small but varying amounts of late melt com-

ponent in these rocks. The amount of dilution required to 

vary REE and Sr contents by a factor of two is excessive. 

The trace element variations described here must have been 

present in the magmas from which these rocks formed prior 

to emplacement and solidification. It is concluded that 

these variations were inherited from the source regions of 
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these magmas, and were not obscured by emplacement or crys­

tallization processes. 

This discussion of the western region is concluded 

with the consideration of recently proposed hypotheses in­

volving a different type of chemical differentiation. The 

high liquidus temperatures of tonalitic melts, above 1000°C 

even with excess H20 (Lambert and Wyllie, 1970), has led 

some workers to suggest that tonalites never were complete 

melts . This stems in part from the belief that these rocks 

have their origin within the crust, where it is difficult 

to achieve such high temperatures, and in part from the 

interpretation of some petrographic features of some of these 

rocks. The essence of these hypotheses (e.g. Wyllie et al., 

1976; White and Chappell, 1977) is that tonalites are mix­

tures of granite or granodioritic liquid with unmelted mafic 

and calcic components. Mafic xenoliths so commonly found 

in tonalites, and in some cases cores of the mafic and cal­

cic mineral grains, are interpreted as transported relicts 

from the source regions. The chemical variation in the gra-

nitic suite is attributed to different degrees of unmixing 

of melt and this residual material (restite) from a mixture 

which formed during ultrametamorphism of the source material. 

In this hypothesis, the Woodson Mountain granodiorite 

of this batholith would presumably b~ the melt compon~nt. 

The quartz gabbros and tonalites, particularly those with 

abundant mafic inclusions , would be restite-rich mixtures. 
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Several problems in the application of this hypothesis 

to the rocks of the western region of the Peninsular Ranges 

batholith become apparent when the REE, bulk chemical, and 

petrographic features of these rocks are considered. While 

most western quartz gabbros and tonalites have uniform REE 

patterns, there is no uniform REE pattern for the western 

leucogranodiorites (Fig. 28). The bulk compo~ition of the 

tonalites suggests that they hypothetically contain subequal 

amounts of leucogranodiorite melt and restite, yet the vari­

ability in the leucogranodiorites is not seen to influence 

the remarkably consistent REE patterns of the tonalites. 

Further, the range in bulk chemistry among the quartz gab­

bros and tonalites implies variable amounts of melt and 

restite components in these rocks. The similarity in the 

REE patterns of the quartz gabbros and tonalites does not 

reflect the differences in the REE patterns between the 

leucogranodiorites and the quartz gabbros-tonalites (the 

leucogranodiorites show a general relative depletion of the 

heavy REE and increased fractionation in the light REE; see 

Fig. 28). 

White and Chappell (1977) suggest that a restite com­

ponent such as plagioclase may be recognized in many gra­

nitic rocks as complexly zoned grains or grains with calcic 

cores. If the tonalites of the Peninsular Ranges batholith 

contain 50% restite component as suggested by the bulk 

chemistry, this requires, hypothetically, that the inner 
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80% of the diameter of the average mineral grain (0.8 3 = 

0.5) is restite component. The few calcic cores of plagio-

clase observed in tonalites could not account for this much 

material. Rather, most grains have preserved delicate 

growth zoning, often oscillatory. Hornblendes are often 

well formed prismatic grains, suggesting growth from a 

melt. 

This general hypothesis may have merit, however, if 

tonalite is the liquid component and the restite component 

consists of minerals in proportions similar to those found 

in the tonalite. It may then be possible to relate the 

tonalites and the quartz gabbros by a melt-restite relation­

ship, although evidence of restite components in the quartz 

gabbros should be documented. The formation of the more 

siliceous liquids such as the leucogranodiorites would, of 

course, require some other process. 

Central Region 

The restricted range in the diversity of lithologies 

represented in the central region does not permit as exten­

sive treatment of the role of crystal fractionation as for 

the western region. The rocks of the central region are 

comprised almost entirely of tonalite and low-K 2o grano­

diorite. Most of the tonalites have a very consistent frac-

tionated REE pattern with no Eu anomaly. A few of the ton-

alites display lower abundances of REE coupled with small 

to moderate positive Eu anomalies. The two low-K
2

0 grano-
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diorites, both from the large La Posta pluton, also have 

lower REE contents except Ce, and a small positive Eu anom-

aly. These two granodiorites and one tonalite also have 

slightly steeper slopes in the light REE. 

istics are summarized in Figure 49. 

These character-

If a crystal fractionation hypothesis relating these 

rocks to a common magma is to explain these variations, 

either removal of hornblende and/or unusual accumulation of 

plagioclase is required to produce the rocks with low REE 

content. Crystallization and removal of a hornblende-rich 

assemblage from magmas having REE patterns like the tonalites 

without Eu anomalies could account for most of the REE fea-

tures of the rocks with lower REE contents. It is inconsis-

tent, however, that the most extreme examples of rocks with 

low REE contents and positive Eu anomalies are tonalites, 

not the presumably more differentiated granodiorites, and 

that some of these rocks are as mafic or more mafic than the 

other tonalites. Most of these rocks are not more plagio-

clase-rich than the other tonalites from this region. Excess 

plagioclase could not have been the cause of these variations 

as the amount required is far in excess of what is observed 

petrographically. Accumulation of early formed plagioclase 

from a much larger reservoir than appears to be represented 

by the plutons seems unlikely as most of these plutons are 

fairly uniform. The remarkable modal and chemical homogen-

eity of the San Jose pluton (Murray, 1978) would require the 
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FIGURE 49. Summary of the REE characteristics of the 

central region rocks. A field for four tonalites 

from both southern and Baja California which do not 

have Eu anomalies is shown. Other tonalites have 

positive Eu anomalies and generally lower REE con~ 

tents. Two low-K 2o granodiorites, represented by 

a single analysis, have REE patterns resembling these 

latter tonalites. 
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supposed plagioclase accumulation to take place prior to 

emplacement and to be thoroughly homogenized over the volume 

2 of granitic magma underlying 117 km , a difficult task for 

such a viscous material. The essentially identical REE pat-

terns of the two low-K 2o granodiorites from the La Posta 

pluton, spaced 25 km apart, indicate the uniformity of this 

pluton. Uniform intrusive bodies, at least as evaluated 

from the bulk compositional and mineral relationships, 

appears to be a common occurrence in the Peninsular Ranges 

batholith (Larsen, 1948; Silver, per. comm.). However, 

more information ori the variability of REE patterns of whole 

rocks within individual plutons and how these relate to 

petrographic features is desirable. 

Eastern Region 

The mineral study of the granodiorite presented 

earlier has direct application to REE behavior during crys-

tallization and differentiation of rocks of the eastern re-

gion. There are two lines of evidence suggesting that these 

rocks cannot be related to a common parental magma by a 

crystal fractionation mechanism. As indicated previously, 

the early appearance of allanite and sphene with high REE 

content, the REE zoning patterns of these phases, and the 

unusually low whole-rock normalized values for some major 

minerals all indicate that REE were being dep l et ed in the 

melt during the earlier stages of solidification of this 

granodiorite. The same mineralogy and textures of the other 
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tonalites and granodiorites suggest similar characteristics . 

The granodiorites in southern California consistently have 

higher middle and heavy REE contents than the tonalites, a 

trend opposed to the early depletion. 

The strong localization of light REE in allanite and 

middle to heavy REE in sphene indicates that the relative 

proportions of th~se phases can exert strong control on the 

shape of the REE pattern of the rock. If this suite of 

rocks is presumed to be related by high-level crystal frac­

tionation, their parallel to subparallel patterns requires 

limited variation in the relative abundances and fractiona-

tions of these REE-rich accessories. This is not indicated 

by petrographic observations, nor by yields from heavy min­

eral separates (Table 7). Allanite/sphene ratios for the 

selected samples vary by a factor of five. Variation in the 

Sm/Dy ratio provided for comparison is not correlated. The 

variation in the abundance of sphene does not correlate with 

the concentration of Yb, a heavy REE, measured in the whole 

rock. 

It does not appear possible to relate the relative and 

absolute abundances of REE-rich accessories to the REE char-

acteristics of these eastern rocks. This suggests that high-

level crystal fractionation processes have not determined or 

significantly altered the highly fractionated REE patterns 

of these rocks. Rather, these REE patterns appear to be 

primary features of the granitic magmas which are retained 
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in the whole rock through largely closed-system crystalliza­

tion. 

Gabbros 

The gabbros of the batholith present some very intrigu­

ing problems. Many of the gabbros possess features which 

have been interpreted to be the result of local high-level 

differentiation. Perhaps the most important characteristic 

is the variability observed in the field. Often several 

different rock types are intimately and sometimes gradation­

ally associated within a single gabbro body. Some of the 

gabbros have compositions which are very unlikely to have 

been melts (e.g. peridotite in Cuyamaca gabbro, Creasey, 

1946; peridotite and anorthosite in the gabbro of Los Pinos 

Mountain, Walawender, 1976). There are other gabbros which 

form more uniform bodies and possess relatively simple ig­

neous textures, suggestive of direct crystallization from 

gabbroic magmas. 

While some workers (e.g. Nishimori, 1976) have proposed 

that these gabbros represent appropriate material to subtract 

from a presumably basaltic parental magma to produce the 

regular chemical trends of the main batholithic suite, there 

are several characteristics of the gabbros which are at odds 

with such an interpretation. The REE characteristics of 

these gabbros, with low REE contents compared to quartz­

bearing rocks and either large positive Eu anomalies or 

strongly concave-down shapes, are inappropriate for the 
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material whose fractional removal would have presumably 

moved the batholithic differentiation from quartz gabbro 

through tonalite. The uniformity of the REE patterns of 

these rocks strongly disfavors this possibility. In con-

trast, the shapes and even the variability of the REE pat­

terns of the leucogranodiorites of the western region and 

the gabbros seem complementary. This potential correspon-

dence encounters the difficulty in following the quartz-poor 

gabbros in the field by gradation into any of the quartz­

bearing lithologies, particularly the siliceous leucograno-

diorites (Silver, per. comm.). Additionally, the minerals 

of some of these gabbros are often too magnesian and too 

calcic to have crystallized from the quartz gabbros (Miller, 

1937), the most mafic rocks of the continuous trend of bath­

olithic differentiation. 

The REE data collected on several of these gabbros, 

taken by themselves, are compatible with accumulation of the 

phases present in the rocks. The neritic gabbro from Pala 

(sample 8) and the olivine gabbro from Thomas Mt. (sample 

16) both have the low REE contents and strong positive Eu 

anomalies expected of plagioclase-dominated accumulation. 

The strongly concave-down patterns and small positive Eu 

anomalies of two of the three hornblende gabbros (Fig. 38) 

are quite unusual in this study, and are qualitatively what 

would be expected from hornblende and plagioclase accumula-

tion. None of these samples show the obvious textures and 
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structures of cumulate rocks, with the possible exception of 

the Pala gabbro. Some appear to have been recrystallized 

and may have lost original textures. 

The gabbros included in this study are not sufficient­

ly representative of the range of gabbros observed in the 

batholith (e.g. Miller, 1937; Creasey, 1946; Walawender, 1976) 

to adequately characterize the entire range of variations in 

REE patterns that may exist. At this stage of observations, 

however, it does not appear likely .that the limited abundance 

of gabbros observed and the diversity of . REE trends are con­

sistent with the simple model proposed by Larsen in which 

the batholithic lithologies were derived by fractional crys­

tallization of a parental gabbroi~ magma at depth. 

DISCUSSION OF MAGMA CONTAMINATION 

WITH UPPER CRUSTAL MATERIAL 

The batholith was emplaced in high-level crustal rocks, 

which in the northern and eastern parts of the batholith in­

clude abundant clastic sedimentary rocks containing older 

continental components. The possibility of magma contamina-

tion by these components must be addressed. Some workers 

have attributed the more radiogenic Sr observed in the craton­

ward portions of certain Cordilleran batholiths to crustal 

contamination processes (e.g. Armstrong et al. , 1977). It 

might similarly be suggested that the more fractionated 

nature of the REE patterns of the central and eastern regions 
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of the Peninsular Ranges batholith have been influenced by 

magma contamination with crustal materials, which are usual-

ly strongly REE fractionated. 

We will consider first the systematic variations in 

REE and Sr isotopic composition in tonalites across the 

batholith. In the western regions, the REE patterns are 

87 86 
rather flat and Sr/ Sr initial ratios low (0.703-0.705) 

87 86 while strongly fractionated REE patterns and high Sr/ Sr 

initial ratios (0.705-0.707) are characteristic of the 

eastern regions. The eastern rocks are therefore the rocks 

presumably most likely to have been affected by interaction 

with continental crust. The REE data on the tonalites from 

southern California have been summarized in Figure 30. From 

west to east, there is a reduction in the heavy REE by a 

factor of 3 to 5. If this feature is to be explained by con-

tamination, massive amounts of diluting contaminant would be 

required. In the most favorable case of a contaminant with 

no heavy REE, the resultant rock would consist of up to 80% 

contaminant. Yet, these eastern tonalites have bulk composi-

tions similar to the western tonalites. A contaminant process 

appears even more difficult when candidate upper crustal 

materials are considered. Shale composites from globally 

distributed stable platform deposits are often cited as 

representative of the upper continental crust. These compos-

ites possess a striking uniformity in REE character (Fig. 

9). The lLght REE in shales have similar abundances and frac-
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tionations to the eastern tonalites, but the sh~les have much 

higher abundances of heavy REE, which are unfractionated at 

15-20 times chondrites indicating they are inappropriate as 

a mixing component to form eastern tonalites from western 

tonalites. 

The question of upper crustal contamination has been 

considered further by analyzing two prebatholithic metasedi-

mentary rocks for REE. REE patterns for an argillitic meta-

sediment from the French Valley Formation (described by 

Schwarcz, 1969) and a volcanic derived sandstone from the 

vicinity of the San Jose pluton in Baja California are pre-

sented in Figure 50. They are located within the western and 

central REE regions, respectively. It is not known how rep-

resentative these patterns are of similar litholog~es in the 

prebatholithic section. 

The argillitic metasediment has a pattern much differ-

ent from that of the shale composites (see Fig. 9). Its 

strongly fractionated pattern across the light to middle REE 

becomes flat in the heaviest REE. Strong light REE enrich-

ment is expected upon assimilation of this material. The 

modest light REE contents and fractionations of most of the 

western and central region rocks which intrude this prebatho-

lithic unit do not appear to reflect its light REE properties. 

The operation of an assimilative process to produce the char-

acteristic light REE enrichment and fractionation observed in 

87 86 
the western leucogranodiorites is precluded by Sr/ Sr ra-
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Figure 50. REE patterns of two prebatholithic rocks. 

The analyses of these rocks were presented in 

Table 6. The argillitic metasediment occurs within 

the western region in southern California. The 

volcanic sandstone is located in the central region 

in Baja California. 
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tios in excess of 0.710 (Early and Silver, per. comm.) in 

this rock at the time of plutonic emplacements. Eastern re-

gion rocks with light REE enriched patterns are spatially 

removed from the presently known distribution of this par­

ticular unit. 

The distinct concave-down REE pattern of the volcanic 

sandstone is a feature not observed in any of the granitic 

rocks, although this rock was probably derived from the 

closely associated volcanic arc to the west (Silver, per. 

comm.). Its very high heavy REE contents are in contrast to 

the low values characterizing the nearby plutonic rocks of 

the central region. Its relatively flat pattern would not 

aid in the production of the REE patterns of the central and 

eastern region rocks. 

These few data on the prebatholithic rocks are not com­

prehensive in representing wall rocks with which plutons of 

the batholith might have interacted, but they are important 

types. Simple assimilation of at least much of the prebath-

olithic metasedimentary rocks is unlikely to have contribu­

ted to the regional REE patterns and to the major litholo­

gies of the batholith. ·The above arguments do not rule out 

the addition of crustal materials to the deeper source re­

gions of the batholithic magmas. 

It has been argued that contamination with upper crust­

al materials is not responsible for the systematic regional 

Sr isotopic variations (Early and Silver, 1973; Silver et al., 



221 

1975). 87 86 At any one geographic position, the Sr/ Sr initial 

ratio is independent of rock type. Tonalites have the same 

values as adjacent quartz monzonites or leucogranodiorites; 

thus the petrologic diversity cannot be attributed to con-

tamination with older radiogenic crustal components. Silver 

et al. (1975) have noted that the isotopic variations cannot 

be related to the distributions of prebatholithic litholo-

gies. Some of the least radiogenic plutons are intruded in-

to metasedimentary formations which had 
87

sr;
86

sr ratios 

greater than .710 at the time of emplacement of the batho-

lith. 
18 

Similar contrasts are observed in o 0 values between 

the plutonics and the country rocks (Turi and Taylor, 1971; 

Taylor and Silver, 1978). These features, along with the 

similarity in bulk composition among the tonalites across the 

batholith, effectively rule out the possibility of producing 

the regional variations in Sr and 0 isotopic compositions by 

massive contamination at high levels. 

The possibility of contamination with a small quantity 

of extremely radiogenic Sr and heavy 0, perhaps by exchange, 

must be considered. 
87 

Almost all of the rocks with high Sr/ 

86 sr initial ratios have high Sr contents (greater than 400 

pp, and up to 700 ppm). These rocks should not be as sus-

ceptible to exchange as the lower Sr rocks to the west. The 

rocks sampled in this study, with very few exceptions, do not 

show petrographic evidence of extensive hydrothermal altera-

tion. Taylor and Forester (1971) have pointed out that ex-
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change may occur only at very high temperatures in some hy-

drothermal systems, and not produce petrographically observ-

able effects. However, the recent work of Taylor and Silver 

18 (1978) has demonstrated that the major regional 0 varia-

tions are not due to high-level exchange. Additionally, the 

regularity in the regional variations and the uniformity at 

any one geotraphic position argue against an exchange origin 

for the Sr isotopic variations. The exchange process may 

operate locally. Given the great heterogeneity in upper 

crustal materials, it is difficult to visualize the operation 

of controlled processes capable of producing such consistent 

variations. 
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SOURCE REGION HETEROGENEITIES 

OVERVIEW 

The preceding arguments concerning high-level crystal 

fractionation and contamination processes strongly suggest 

that such processes have not been a significant factor in the 

production of the regional variations in REE characteristics, 

and probably not even most of the local variability. The same 

is also true of the Sr and 0 isotopic variations, with the 

possible exception of exchanges within external H20 systems 

along the shallow west side of the batholith. The first­

order variations must originate at deeper levels, most likely 

within the source regions of these rocks. 

The profound transverse asymmetry in these variations 

relate to the structural elements of the plutonic arc, and 

reflect the dynamics of batholith formation at a convergent 

plate boundary. The magma generating process has sampled 

heterogeneous regions within the source terrains of the 

batholithic rocks. The term source region heterogeneities 

is used here in the broadest sense, and includes major ele­

ment, trace element, isotopic, and mineral assemblage char­

acteristics of the source materials. 

In the following discussions, the extent to which these 

aspects of source region heterogeneities contribute to the 

observed variations is explored. 
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ISOTOPIC VARIATIONS 

The regional variations in the isotopic composition of 

Sr and 0 must result from simple inheritance of these proper­

ties from the source regions as suggested by Early and Silver 

(1973), Silver et al. (1975), Silver and Early (1977), and 

Taylor and Silver (1978). Recent studies of diffusion in 

melts (e.g. Hofmann and Hart, 1978) strongly suggest that 

isotopic equilibration over distances of millimeters to cen­

timeters may occur well within the time scales required for 

partial melting of source terrains on the regional scale of 

a magmatic arc. Disequilibrium partitioning of Sr isotopes 

and trace elements among mineral grains and melt during 

melting is considered highly unlikely in such an environment. 

In contrast, equilibration over distances of many meters to 

kilometers does not take place over many millions of years. 

Unless a plutonic magma was very well mixed by some physical 

process prior to emplacement, at least partial preservation 

of some isotopic differences among various materials within 

the source volume of the magma may be expected. These iso-

topic variations may occur, conceivably, within a magma of 

uniform bulk composition as this general property may be 

determined by phase equilibria considerations rather than 

bulk and trace compositional uniformity. 

Variations in the Sr isotopic composition of the source 

regions within the mantle or crust-mantle system in the region 

of the batholith would be anticipated from its geologic 
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setting. The batholith was developed on or near a continen-

tal margin, and a transition from oceanic to continental 

properties within the lithologic components of the potential 

sources might occur across it. 

mal to the continental margin. 

This transition would be nor­

The smooth regional regularity 

in the nature of this transition bears directly on the origin 

of the isotopic differences. They might be derived from 

regionally controlled, long-term differences in Rb/Sr ratio 

within the source regions, or remarkably regular physical 

mixing on a regional scale of two or more components which 

have not otherwise been closely related over a long period 

of geologic time. 

As pointed out by Taylor and Silver (1978), high 18o 

reservoirs have to date only been recognized in rocks which 

were once near the earth's surface. On this basis, the 
18o 

data appear to suggest the presence of crustal oxygen compo­

nents in the sources of the eastern part of the batholith. 

The occurrence of rocks essentially identical in major and 

trace element chemistry but with contrasting o18o values 

across much of the batholith indicates simple contamination 

cannot provide a satisfactory explanation. 

REE AND SR CONCENTRATION VARIATIONS 

Inferences from Rb/Sr - Sr Isotopic Systematics 

The conclusions drawn about the isotopic variations 

raises the question of whether the REE and Sr concentration 

variations may also be properties inherited from the source 
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regions. This would imply for the western region a source 

with a flat REE pattern and low Sr content, and central and 

eastern sources with a distinctive fractionated REE pattern 

and higher Sr content. This further assumes either no or 

minimal fractionations, or parallel fractionations occurred 

during melting of the sources. 

One means of evaluating the sources and timing of frac-

tionations is through examination of Rb-Sr relationships which 

must be consistent with the isotopic properties of Sr. Early 

and Silver (1973) have observed that within a limited geo­

graphic area, initial 
87

sr/ 86 sr ratios are uniform and inde-

pendent of lithology although the various lithologies may 

display a large range of Rb/Sr values. It can be deduced that 

fractionations in Rb relative to Sr accompanied whatever dif-

ferentiation process was responsible for the lithologic diver-

sity within a region, and that this fractionation and differ-

entiation is constrained to have taken place at or very near 

the time of melting and emplacement 
7 (<10 years). 

Early and Silver (1973) and Silver and Early (1977) have 

shown that the Rb contents of tonalites have a more or less 

constant range across the batholith, but Sr is much more abun-

dant in the central and eastern parts of the batholith. The 

Rb/Sr ratios for the central and eastern tonalites, corres-

pondingly, are lower than those for the western region. The 

eastern tonalites, however, have higher initial 
87

sr;
86

sr 

ratios. Taking the batholith as a whole, the Rb/Sr ratios of 
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these rocks do not reflect long-term differences of Rb/Sr 

ratio in the sources implied by the regional Sr isotopic 

variations (Early and Silver, 1973; Silver and Early, 1977). 

These differences in Rb/Sr ratio are quite large, and if they 

were present in the source regions, the regional regularities 

in Sr isotopic composition would have been obscured in a 

short period of time. 

It is concluded that differential fractionation of Rb 

and Sr must have developed during or very close to the time 

of production of the magmas from their sources. These argu-

ments suggest that the variations in Rb/Sr ratio, which are 

largely variations in Sr content, could be related to frac­

tionations by mineral assemblages, not large differences in 

Rb/Sr of source materials. The differential fractionation 

presumably results largely from changing mineral assemblages 

and possibly mineral proportions in the residual assemblage 

coexisting with melt. Possibly the residual mineralogy of 

the western tonalites retained appreciable Sr, while the re­

siduum of the central and eastern tonalites retained much 

less. The possibility of some of the regional variation in 

Sr contents reflects inherent differences in the Sr contents 

of the source materials cannot be ruled out, however. 

These inferences are further developed below with regard 

to the REE variations. These variations are addressed in the 

context of the two regionally observed transitions in REE 

character: the western to central region and the central to 
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eastern region transitions. 

Western to Central Region Transition 

The transition from the western to the central REE­

defined regions of the batholith is marked by changes in the 

following general properties: a depletion and fractionation 

in middle to heavy REE; a disappearance of negative Eu anom­

alies in tonalites; an increase in Sr contents of tonalites; 

a restriction in the diversity of lithologies. These dif-

ferences between the regions are summarized in Table 8. 

The fact that these four significant properties appear 

to change together strongly suggests they have a related 

origin. In contrast, the isotopic and age variations do not 

reflect the rather sharply defined west to central transi-

tions in several of the above properties. This observation, 

coupled with arguments against the direct inheritance of the 

Rb/Sr and Sr concentration variations from the source regions, 

argues that the discontinuities in these features are not 

reflections of what is compositionally present in the sources, 

but are probably dominantly process related. 

A single process which appears to satisfy the above 

observations is a phase transition in the residual mineralogy 

of the source materials from a plagioclase-bearing assemblage 

to a gernet-bearing, plagioclase-poor assemblage. 

The low Sr contents and high Rb/Sr ratios of the western 

rocks may be interpreted as the result of retention of a Sr­

bearing phase (plagioclase) in the residual mineralogy of the 
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source of these rocks. The feldspars are the only major 

rock-forming mineral capable of storing Sr. As a corollary 

effect, the higher Sr contents of the central rocks may be 

a reflection of the elimination or large reduction in abun-

dance of the feldspars. 

The negative Eu anomalies of the western tonalites also 

suggests the involvement of feldspar in the evolution of these 

rocks. The absence of negative Eu anomalies in the tonalites 

of the central region is consistent with a much less important 

role for feldspar in the derivation of these rocks. Although 

the anomalous behavior of Eu compared to the rest of the REE 

may be eliminated under sufficiently oxidizing conditions, 

the lack of consistent appreciable differences in Fe 3+/(Fe 3+ 

2+ 
+ Fe ) between the western and central rocks (Silver, per. 

comm.) does not support this mechanism to explain the differ-

ences in Eu anomalies. However, this does not disprove vari-

at ions in p o
2 

in the sources. 

The assemblage feldspar-amphibole-pyroxene-biotite-

quartz cannot be expected to produce much relative fraction-

ation among the heavy REE. The fractionated and depleted 

heavy REE patterns of the central region rocks requires the 

involvement of a phase or phases that would preferentially 

fractionate as well as retain in abundance the heavy REE. 

Objections to the suitability of accessory phases such as 

allanite and sphene to accomplish this rest mostly with the 

difficulty in producing large and consistent fractionations 
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with small and presumably highly variable amounts of these 

phases. Garnet is the only major rock-forming mineral having 

the required properties. Garnet is stable at high pressures 

and is important volumetrically across broad compositional 

fields of most of the batholithic rocks and their plausible 

source materials (Green and Ringwood, 1968; Green, 1972; 

Wyllie et al., 1976). Its participation implies formation of 

the batholithic magmas of the central region under high pres-

sure conditions. The appearance of garnet is complementary 

to the previous inference of the disappearance. of plagioclase 

as a major phase, which is expected at higher pressures . 

Pressure and temperature estimates for the transition from 

plagioclase to garnet-bearing assemblages and their implica-

tions for the geometry of the zone of melting will be dis-

cussed in the following sections . 

The transition from a multimodal to a unimodal frequency 

distribution of lithologies lends support of a different kind 

to the concept of a major change in the phase assemblages. 

The difficulties in producing the multimodal distribution of 

the western region by fractional crystallization or contamina-

tion processes have already been discussed. One improbable 

alternative is to derive the magmas of contrasting composition 

by melting sources in which the observed differences have 

already existed. There is a great contrast in Rb/Sr ratios 

. . 87 86 
between the tonal1tes and granodior1tes, yet their Sr/ Sr 

initial ratios show no compositional dependence. This rela-
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tionship constrains the time of formation of the proposed 

differences in source composition to no less than near con­

temporaneity with the formation of the melts (Silver and 

Early, 1977). 

The diversity of the western rocks is attributed to 

phase equilibria controls. No other mechanism is envisioned 

which can satisfy the other observations and still produce 

the smooth and consistent covariations of chemical components 

displayed in the variation diagrams of Larsen (1948). Partial 

melting at invariant points or points of reduced degrees of 

freedom can provide several recurring compositions with a 

paucity of intermediate types. 

The appearance of a more limited compositional range 

in the central region can be explained by a major readjust-

ment in the stable phase assemblages. The loss of plagio-

clase and the incoming of garnet would require a major per­

turbation in the phase relations, probably including the num-

ber and location of pseudo-invariant points. However, an 

important constraint is that the contrasting assemblages must 

be capable of producing tonalites of similar bulk composition. 

Central to Eastern Region Transition 

This transition is defined by an increase in the abun-

dances and fractionation of the light REE. These character-

istics exist along the length of the peninsula from the San 

Jacinto Mountains to San Filipe. A low sample density makes 
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correlations to other parameters difficult to establish, but 

87 86 
initial Sr/ Sr ratios of the rocks of this region are al-

ways high, greater than about 0.7050. An increased propor-

tion of granodioritic lithologies is commonly observed in at 

least parts of the eastern region, but this does not appear 

to be a sharp transition nor correlate to the position of 

the REE transition. 
18 

The step in 0 variations across the 

batholith does not coincide with the REE transition along the 

length of the peninsula. 

Although there are so few other directly comparable 

discontinuities recognized across the central to eastern 

boundary and this transition is not yet as well defined as 

the western-central transition, it is not necessarily less 

important or significant. The central-eastern transition 

appears to show correlation with isotopic and some composi-

tional variations suggesting more of a dependence on longer 

term, more subtle differences in compositional characteris-

tics and history of the source material. 

The general increase in the light REE content of the 

eastern rocks, by a factor of 2 to 3 for Ce compared to the 

rocks of the central region, could be produced by either a 

much smaller degree of partial melting in a constant source, 

the breakdown of a hitherto stable light REE-rich phase in 

the eastern source, or a higher light REE content in the 

eastern source. 

A smaller degree of partial melting for the eastern 
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rocks is not supported on several grounds . Tonalites and 

closely related low-K 2o granodiorites display the higher 

light REE contents. The bulk composition and general Rb-Sr 

equivalence of these rock types to the central region rocks 

implies roughly the same degree of partial melting. Addi-

tionally, this process requires residual phases in the source 

region very low in light REE content in order to permit en-

richment of these elements in the melt. A residual assemblage 

containing a very small proportion of the total reservoir of 

REE cannot produce significant relative fractionations among 

the strongly excluded elements. The steep linear slopes of 

the light REE in most of the eastern rocks compared to the 

concave-down curvature of the same REE in the central region 

rocks cannot be achieved except by the most extreme differen­

tiation processes. 

The possibility of breakdown of a light REE-rich phase 

in eastern sources requires an accessory phase because there 

are no major rock-forming minerals which preferentially in-

corporate the light REE. Allanite appears to be a possible 

mineral; apatite and sphene discriminate against light REE 

compared to middle and heavy REE. Allanite is a conspicu-

ously uncommon accessory mineral in metamorphic rocks of 

granulite and higher grade facies and is implausible (Silver, 

per. comm). In addition, control of the uniformity of the 

light REE abundances and fractionations of the tonalites with­

in both the western and central regions by a single dominating 
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accessory phase is very difficult to model. 

The most attractive explanation of the high light REE 

contents of the eastern region is that the source of the 

eastern rocks had intrinsically higher light REE contents 

than the sources to the west. 

The granodiorites of the northeastern region of the 

batholith in southern California have negative Eu anomalies, 

in contrast to the absence of Eu anomalies in the associated 

tonalites. Rb-Sr domains in the northeastern region have 

negatively-sloping arrays on a Rb versus Sr diagram (Silver 

and Early, 1977). These features all suggest some greater 

degree of involvement of plagioclase in the evolution of the 

granodioritic rocks. 

In contrast, the few analyzed granodiorites in the 

eastern region of Baja California do not have negative Eu 

anomalies, although one of the tonalites does. Slopes of 

Rb versus Sr covariation for domains in Baja Californ~a tend 

to be vertical (Silver and Early, 1977), not sloped as to 

the north. These features suggest a more limited role for 

plagioclase in rocks of the eastern region in Baja California. 

FURTHER PETROLOGIC CONSIDERATIONS 

WESTERN REGION 

l 'artial melting at invariant points to produce con~ 

trasting compositions or an apparently unique composition has 

been advanced by Yoder (1973) to explain contemporaneous 

basaltic and rhyolitic magmas. Presnall et al. (1973) 
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appealed to a phase-change cusp on the solidus of peridotite, 

a feature related to a point of reduced variance, to explain 

the chemical uniformity of tholeiitic basalts from mid-

oceanic ridges. The question is whether pseudo-invariant 

points of appropriate composition exist in the complex pet­

rological systems of the source regions of the batholith 

rocks. These systems will probably never be known in pre-

cise detail. Experimental studies on natural compositions 

have indicated, however, that liquids approaching tonalites 

and granodiorites can be produced from hydrous basaltic 

materials by partial melting (Green and Ringwood, 1968; 

Green, 1972; Holloway and Burnham, 1972; Eggler and Burnham, 

1973; Helz, 1973, 1976). 

The batholith source must be capable of producing large 

quantities of melts as mafic as the quartz gabbros and tona-

lites. In the unlikely event of 100% melting of a source, 

the source must be at least as mafic as these compositions. 

For smaller degrees of melting, it must be more mafic. On 

the other hand, the silica-oversaturated quartz gabbros and 

tonalites with 5-25% quartz and Mg/~Mg+Fe) ratios of 0 . 5 to 

0.4 cannot be derived directly from peridotite (e.g. Green, 

1973). Thus, if the quartz gabbros and tonalites are direct 

partial melts from their sources, the plausible composition 

of that source is approximately basaltic. 

Perhaps the most realistic and sophisticated interpre­

tation of phase relationships in appropriate synthetic sys-

terns has been presented by Eggler (1974). Eggler's study 
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delimited the position of some pseudo-invariant points for 

the assemblage orthopyroxene-quartz-magnetite-plagioclase­

melt-vapor within a portion of the system CaA1 2 Si 2o
8

-

NaA1Si3o8-Si02-MgO-Fe-02-H2o-co2. Several important param­

eters had to be held constant (such as An content of nor­

mative plagioclase, pH 2o, and p0
2

) in order to obtain ex­

perimental determinations of pseudo-invariant points. Al­

though orthopyroxene appeared rather than clinopyroxene, 

amphibole, and biotite, the basic positions of the pseudo­

invariant points are likely to prevail. 

Figure 51 is an example of the relationships presented 

by Eggler (his Fig. 5). Point C represents the composition 

of an H20-saturated melt containing normative An 50 plagio­

clase (by definition) in equilibrium with quartz, plagioclase, 

orthopyroxene, magnetite, and vapor at 1 kb pressure. The 

composition of point C, along with the compositions of other 

pseudo-invariant points within this system under various 

conditions, are also given in Figure 51 (Eggler's Table 3). 

Most noteworthy is the very siliceous composition of an in­

variant point such as point C, and the importance of H20 con­

tent of the melt as indicated in points D, E, and to a certain 

extent C. The precise applicability of Eggler's study to the 

rocks under investigation here is uncertain. Certainly, the 

pressure of most of these experiments is less than that of 

the source region of the batholithic rocks and the assumptions 

about plagioclase composition need to be more thoroughly 
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Figure 51. H20-saturated phase relations in a join of 

the system CaA1 2Si 2o8-NaA1Si
3

0 8-Mgo-Si0 2-Fe0-0-H 20 

at 1 kb total pressure at the NNO buffer, from 

Eggler (1974). Only relations about the point C 

have been determined. Compositions of some liquids 

at pseudo-invariant points in this system, including 

point C, are presented in the ajoining table. 
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r\ aAISi 3 0a -Ca:\ I:Si:0 8- Si02 -:'-IgO-- FcO -Fe:03-H 2 0 - C02 

- - ------------------- -- - - -·· -- - --. . - - - -- - -- .. - --------- - - -- -·-··· ·· ------ ----
Co:npo~ ition 

---- ------ - -- ------ - - ----- - - -- Total Tempera· \Vci " lll cr ,, 10 

A.<..\CITI· Fe as pressure ture L0b fO, 11 ,0 in 
Point b1abc• SiO, AI,O, feO :'>!!;0 CaO J"J,O bars •C bars mrll 

- ---- ------- - - ----- -- - - -- - - - ·-
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B I 64.9 13.9 9.8 ~5 

F I 555 16.2 13.0 6.1 
c I 51.7 14 .2 195 6.1 
c I 72.2 13.0 6 .2 0.6 
D I 69.8 14.4 7.0 0.7 
E I 64.3 14.7 IU 1.4 
K. II 535 15.1 I 7.7 5 .2 
L II 53.4 15 .6 14 .6 7.6 
d III 61.9 19.3 7.6 
b IV 71.7 15.3 4.3 
I! v 68.7 1~.9 95 

•Assemblage I= opx-mt-trid (qtz)-plag-liq-(vapor) 
: I= opx-oliv-mt-p1ag-liq 

III= opx-oliv-p1ag 
IV = opx-trid-p!ag 
V. := alu-mt-tnd 

5.1 3.0 I 1145 - 75 0.0 
5.0 2.9 1 I 135 - 85 0.0 
9.1 1 I 155 - 7.0 0.0 
8.1 I 1133 - 9.0 0.0 
4.7 2.7 1000 925 -11.8 1.3 
5.1 3.0 5400 1005 -105 1.1 
5 .2 ~.1 5400 1030 -10.0 2.0 
5.4 3.1 I 1157 - 8.2 0.0 
5.6 3.3 1 1181 - 7.0 0.0 
7.0 4.1 I 1228 0.0 
55 3.2 1 1187 0.0 
5.0 2.9 1 1185 - 7.8 0.0 
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evaluated. However, the simultaneous formation of liquids 

corresponding to leucocratic granodiorites and tonalites of 

the western region of the batholith by melting at such 

pseudo-invariant points appears conceivable. 

The compositions of the leucocratic granodiorites and 

particularly the tonalites and quartz gabbros of the western 

region of the batholith are not tightly fixed, but do .show 

some range. This is not viewed as inconsistent with a 

mechanism of the above type. The compositions of the pseudo-

invariant points only become invariant when all of the assump­

tions employed to reduce the multivariancy of the assemblage 

are met. Clearly they are not in the real case. Composi-

tional positions of pseudo-invariant points would vary de­

pending on the actual composition of solid solution minerals, 

pH
2
o, and other variables. These variations may be limited 

enough, however, to yield melt compositions of a restricted 

range. 

The granodiorites of the Woodson Mountain type may be 

produced by fairly small degrees of partial melting, their 

composition being largely controlled by the hypothetical 

pseudo-invariant point. Experimental studies of melting re-

lations in natural basalts (Holloway and Burnham, 1972; 

Helz, 1973, 1976) at 5 to 8 kb, H20-saturated and undersatu­

rated conditions, have produced melt compositions similar in 

many respects to the granodiorites for about 20% melting. 

Selected results are presented in Table 9. The high Si0 2 
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TABLE 9 

SELECTED EXPERIMENTAL AND ROCK COMPOSITIONS 

LEUCOGRANODIORITIC COMPOSITIONS 

Si0 2 
TiOz 
Al 2o3 
FeO 
MgO 
CaO 
Na 2o 
K 2 0 

Calculated 
melt (in %) 

875°C * 
4.9 kb 
pH2o<pt 

72.0 
0.5 

15.0 
2.8 
0.7 
4.1 
3.4 
1.2 

18 

825°C ** 
5 kb 
pH 20=Pt 

72.1 
0.2 

17.6 
1. 50 
0.20 
4.63 
2.5 
1.2 

18 

TONALITIC COMPOSITIONS 

970°C ** 999°C * 
5 kb 5. 2 kb 
pH 20=Pt pH 20<Pt 

Si0 2 64.3 63.8 
Ti0 2 0.71 1.2 
Al 2o 3 19.4 18.6 
FeO 3. 3 4. 3 
MgO 0.93 0. 7 
CaO 7.14 6.9 
Na 2o 2.8 2.8 
KzO 0.92 1.0 

Calculated 34 30 
melt (in %) 

* Holloway and Burnham (1972) 

** Helz (1976) 

995°c 
7.8 kb 

Average Woodson Mtn. 
Granodiorite 
Larsen (1948) 

73.4 
0.2 

14.1 
2. 5 
0.4 
2.1 
3.4 
3.5 

TONALITES 

* Average Bonsall 
Bonsall San Luis 

pH 20<Pt Larsen (1948) 

63.0 62.2 64.9 
1.0 0. 7 0.55 

19.9 16.2 16.12 
3.0 6.0 4.8 
0.2 2. 7 2.70 
6.4 5. 7 5.26 
4. 7 3.4 3.38 
1.0 1.6 1. 64 

29 

of 
Rey 
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and low MgO and FeO contents of the experimental glasses 

0 0 
formed at 800 C to 900 C are in good agreement with the 

granodiorite. The low K2o contents of the experimental 

melts are a problem, but probably reflect the K
2
o contents 

of the starting material. These liquids coexist with horn-

blende, plagioclase, Fe-Ti oxides, and one liquid is in 

equilibrium with clinopyroxene. The low mafic contents of 

these melts despite equilibration with mafic phases is an 

indication of the very low solubility of these minerals in 

such melts, and supports deductions concerning the structure 

of siliceous melts presented earlier. 

With more extensive partial melting, magmas with tona-

litic to quartz gabbroic compositions could be derived from 

equivalent source materials. The composition of melts ex-

perimentally derived from basalts and coexisting with amphi-

bole, clinopyroxene, and sometimes olivine, are also pre-

o sented in Table 9. Temperatures indicated are about 1000 C, 

with about 30% melt present. These compositions are notice-

ably more aluminous and very poor in MgO compared to typical 

tonalites. These compositions are significantly removed 

from the melts produced at lower temperatures, perhaps due 

to the disappearance of a phase or phases in the residual 

assemblage. Possibly such compositions would be determined 

by a pseudo-univariant line or a different pseudo-invariant 

point. For example, local variations in pH 2o within an 

otherwise compositionally uniform source could exert control 
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on the position of a pseudo-invariant point, as suggested by 

Eggler's study. 

In addition to the discrepancies in chemistry noted 

above, another serious problem exists in reconciling these 

experimental data with the observations on REE and Sr beha-

vior in the batholith. The melts corresponding to tonalites 

in these experimental studies do not coexist with plagio-

clase. Indeed, even the granodioritic melts listed previous-

ly coexist with only a small amount of plagioclase (<10%). 

In both cases, this is far too little to produce the frac-

tionations which might be attributed to them. It is not ap-

parent whether this is a major shortcoming of this hypothesis 

or a reflection of inappropriate selection of experimental 

conditions. For example, pH 2o in both these experimental 

studies (pH 2 0 = 0.6 Pt: Holloway and Burnham, 1972; pH 20 = 

Pt Helz, 1976) is probably much higher than can be expected 

for tonalitic magma. A high pH 20 will suppress the thermal 

stability of plagioclase relative to ferromagnesian minerals 

(e.g. Yoder and Tilley, 1962), a feature which is supported 

by a comparison of the observations of Holloway and Burnham 

(1972) and Helz (1973, 1976). Whether this trend,when car-

ried down to reasonable pH
2
o levels, would result in a more 

favorable residual assemblage and melt composition is specu-

lative. The enhanced breakdown of amphibole by incongruent 

melting to pyroxene and melt might release more mafic com­

ponents into the melt, bringing this aspect of the composi-
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tion of experimental glasses more in line with natural sys-

terns. At the same time, increased residual plagioclase 

might lower the excess alumina and CaO of these melts. An 

alternative mechanism for increasing the mafic and calcic 

components of magmas permits them to carry some residual ma­

terial from their source regions, as suggested by the res­

tite hypothesis (White and Chappell, 1977). 

The extent to which each of these various processes 

may have participated in the formation of the batholithic 

magmas is not fully resolved. However, derivation of magmas 

approaching the observed compositions of the batholithic 

rocks of the western region directly from gabbroic materials 

at pressures up to 10 kb or so appears plausible in light of 

experimental studies. 

CENTRAL AND EASTERN REGIONS 

Experimental data bearing on the composition of melts 

in equilibrium with garnet-bearing assemblages are much less 

available. The composition of possible invariant points are 

unknown. The results of several studies have indicated that 

partial melting at high pressure of material basaltic in 

composition can produce melts of broadly andesitic character 

under both anhydrous and hydrous conditions (Green and Ring-

wood, 1968; Green, 1972; Green and Ringwood, 1972). Summa-

rizing these works, the most important features of a garnet~ 

bearing assemblage in either a crystal fractionation or a 

partial melting process are: a) the absence of a strong Fe 
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enrichment in derivative liquids because of the similarity 

of Mg/(Mg+Fe) ratio in garnet and melt, and b) the subsili-

ceous character of the garnet, which is very efficient in 

increasing the Si0
2 

contents of derivative liquids. Deter-

minations of actual compositions of melts are very limited. 

Discussion has been provided by the above authors, Gill 

(1974) and, dissenting, Stern (1974). 

An important consideration which must be addressed is 

the location in P-T-aH 0 space of the transition from garnet-
2 

free to garnet-bearing assemblages in possible source re-

gions of the batholith. Arguments favoring a basaltic source 

region composition for the batholith have already been dis-

cussed. Most experimental work on the gabbro to garnet 

granulite or to eclogite transition has been for the anhy-

drous, subsolidus case. This transition under hydrous and 

supersolidus conditions is poorly known; available informa-

tion is discussed below. 

The garnet granulite assemblage - marked by the co-

existence of plagioclase and garnet - is intermediate be-

tween lower pressure gabbroic (plagioclase-pyroxene) and 

higher pressure eclogitic (garnet-omphacite) assemblages 

under anhydrous, subsolidous conditions (Fig. 52). Both the 

first appearance of garnet in upper amphibolite facies and 

the final disappearance of plagioclase are sliding reactions 

which progress across the width of the stability field. 

Both transitions have positive P-T slopes. For a range of 
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Figure 52 . Extrapolated anhydrous stability fi~lds of 

pyroxene granulite-gabbro, garnet granulite, and 

eclogite for a quartz tholeiite composition, from 

Ringwood (1975). 
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basalt compositions, the first appearance of garnet occurs 

0 
at 10-15 kb at 1100 C (summarized in Ringwood, 1975). The 

pressure range over which plagioclase and garnet coexist is 

compositionally dependent, being wider for Na 20-rich composi-

tions. Anhydrous garnet granulite corresponding to quartz 

0 tholeiite starts to melt at approximately 1200 C and 15 kb, 

its lowest pressure on the solidus (Fig. 52). However, more 

than minor amounts of garnet are likely to be present with 

melt only at pressures substantially above 15 kb. 

In the hydrous case, the phase relationships are more 

poorly understood due to the complex interplay between the 

stability fields of amphibole and garnet. Under subsolidus 

H20-saturated conditions, amphibrilite is stable relative to 

eclogite for Pt less than 10 kb (Yoder and Tilley, 1962). 

At pressures of 20 to 25 kb, largely independent of T, am-

phibolite transforms to a garnet-bearing assemblage (Essene 

et al., 1970; Lambert and Wyllie, 1970). Above the solidus, 

relations are less well defined. Essene et al. (1970) sug-

gested garnet amphibolite transforms to eclogite within the 

pressure range of 15 to 20 kb (limits of reversal in experi-

0 
ments) at temperatures in excess of 800 C. At temperatures 

the order of 1000°C, amphibole reaches its thermal stability 

limits - The work of Allen et al. (1972) indicates the liqui~ 

us nearly coincides with the breakdown of amphibole for a 

range of basalts . Again, garnet only appears above 15 kb. 

Only qualitative estimates of the proportions of phases in 
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some assemblages and no estimates of the amount of melt are 

given in these studies. 

H20-undersaturated conditions are assumed to have pre­

vailed during the generation of the batholithic magmas . A 

rise in solidus temperatures and in the P-T stability field 

of plagioclase is expected, with some adjustment in the 

stability of amphibole. No experimental data exist on the 

high pressure phase assemblages of basalts in their melting 

range under H20-undersaturated conditions except very near 

their liquidii, where garnet appears for some H
2
0-rich cases 

(10-25 wgt.% H
2

0) (Nicholls and Ringwood, 1973). Basaltic 

melts might be expected to crystallize garnet when cooled 

further below their liquidii. 

The problem of source assemblages can also be ap-

proached by examining the phases that crystallize from tona-

litic to granodioritic melts under high pressure H20-under­

saturated conditions. Studies on andesitic (Green, 1972; 

Stern et al., 1975) and rhyodacitic (Green and Ringwood, 

1972) comp6sitions (Table 10) similar to some tonalites and 

granodiorites from the eastern and central regions of the 

batholoth provide some useful information . 

The phase relations determined in the vicinity of the 

l iquidus of andesite + 2% H2o (Fig. 53) indicate clinopy-

roxene and garnet appear close to the liquidus for P >15 kb. 
t-

Plagioclase begins to crystallize at lower temperatures and 

pressures , while amphibole does not appear until tempera-
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Ti0 2 

Al 2o3 

Fe 2o3 

FeO 

MgO 

CaO 

Na 2o 

K20 

P205 
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Table 10 

COMPOSITIONS USED IN EXPERIMENTAL STUDIES 

Andesite 

60.24 

.69 

16.98 

.88 

5.35 

3. 14 

7.22 

3. 91 

1. 26 

.20 

Green 
(1972) 

Tonalite 

59.9 

.80 

18. 5 

2. 2 

3. 7 

2.5 

6.0 

3. 8 

2. 2 

. 30 

Stern et 
al. (1975) 

Rhyodacite 

68.33 

.38 

15.40 

.59 

3.53 

1. 74 

3.30 

2.79 

3.65 

.22 

Green and 
Ringwood 
(1972) 
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Figure 53. Pressure-temperature diagrams for the crystal-

lization of andesite under hydrous conditions: 

a) Andesite + 2% H20 

b) Andesite + 5% H2o 

Note that with an increase in the amount of H2o, amphibole 

stability is increased and plagioclase stability is 

decreased. 

These diagrams are from Green (1972). 
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tures fall to 900°C. For the same andesite with 5% H
2

o ad­

ded, amphibole stability expands and plagioclase contracts. 

Clinopyroxene and garnet exist in the same position relative 

to the liquidus, but a plagioclase-free clinopyroxene-amphi-

bole-garnet assemblage coexists with melt to pressures per-

0 
haps as low as 10 kb, at 150 C below the liquidus. This 

may be a garnet-poor assemblage; no mineral proportions pro-

vided. The appearance of plagioclase is restricted to T< 

950°C for this composition, and to T~ll00°C for the 2% H
2
o 

composition. 

The experimental work of Stern et al. (1975) on a 

tonalitic composition also indicates the presence of garnet 

and clinopyroxene near the liquidus at 15-20 kb for a wide 

range of H2 0 contents. With some assumptions, these authors 

have constructed H2o-undersaturated liquidus surfaces for 

this composition, summarizing the liquidus and near-liquidus 

mineralogy (Fig. 54). From this diagram it appears possible 

to derive tonalitic melts from a gabbroic composition under 

both high pressure (garnet-clinopyroxene) and low pressure 

(pyroxene-plagioclase) conditions. 

However, similar experiments on rhyodacitic to rhyo-

litic compositions do not suggest that these compositions 

can be derived directly from a garnet-pyroxene source. Rhy-

odacites with 2% d 5% H o h t d t an o 2 ave garnet-quar z an quar z, 

respectively, on their liquidii for pressures greater than 

13.5 kb (Green and Ringwood, 1972). A H20-undersaturated 
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Figure 54 . Contoured map of H20-undersaturated liquid sur­

faces for andesite (A) and rhyolite (B), from Stern et 

al. (1975). 
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liquidus surface for a Si0 2-rich rhyolite (also in Fig. 54) 

suggests that this composition could not be in equilibrium 

with garnet and pyroxene over the pressure range of the ex­

periments. 

DISCUSSION AND SUMMARY 

The experimental observations presented above appear 

to permit and in some cases support inferences made pre­

viously about contrasts in source region mineralogies across 

the batholith. To illustrate the adequacy of a gabbroic and 

eclogitic source material for the tonalites of the western 

and central regions, respectively, calculated REE patterns 

for melts produced from a basaltic composition in these min­

eralogies are present~d (Fig. 55). In both cases the parent­

al material material used has a slightly light REE depleted 

pattern typical of mid-ocean ridge tholeiites or island arc 

tholeiites. The selection of a source whose REE pattern is 

light REE depleted relative to chondritic abundances receives 

support from a few Nd isotopic measurements on rocks from 

the western region of the batholith (DePaolo, 1978). 

To produce tonalites, 30% melting of the basaltic 

source has been chosen to be consistent with experimental 

data discussed above. Calculations are performed according 

to the equation of Shaw (1970) (Table 11). Partial melting 

under equilibrium conditions is assumed, leaving a residue 

of 50% hornblende-50% plagioclase or 50% hornblende-50% gar-

net. The effect of the presence of some clinopyroxene in 
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Figure 55. Calculated REE patterns of melts derived from 

a parental materiruwith a REE pattern resembling oceanic 

tholeiites by 30% partial melting. Residual assemblages 

are either equal amounts of hornblende and plagioclase 

or hornblende and garnet. Equations and partition coef­

ficients used are presented in Table 11. 
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Table 11 

DISTRIBUTION COEFFICIENTS USED IN CALCULATIONS 

FOR FIGURE 55 

HORNBLENDE PLAGIOCLASE GARNET 

. 35 . 17 5 . 0 3 

1. 10 .069 . 0 7 

2.01 .026 .29 

2.82 .015 . 9 7 

3. 15 .008 3. 17 

3. 17 .007 6.56 

2.84 .007 11.5 

EQUATION FOR TRACE ELEMENT FRACTIONATION DURING MELTING 

Shaw (1970) 

where 

c
1 

concentration of element in liquid 

C = concentration of element in initial material 
0 

D 
0 

F = 

weighted bulk distribution coefficient 
(mineral/melt). This value is a constant. 

proportion of melt 
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the place of hornblende in either assemblage will be minimal 

as REE behave similarly in these minerals. Distribution co-

efficients employed are considered appropriate in this com-

positional system, and are listed in Table 11. Values for 

Eu have not been assigned as these are quite dependent on 

several variables that cannot be sufficiently defined, the 

most important of which is fo
2

. 

The results presented in Figure 55 indicate that these 

assemblages are capable of producing REE patterns correspond­

ing reasonably to the tonalites of the western and central 

regions. It is stressed that the above exercise does not 

provide unique solutions, but simply demonstrates that con­

clusions drawn on the basis of qualitative relationships in 

the REE data, on petrographic observations, and on appro­

priate experimental work are in acceptable agreement with 

model calculations. 

The tonalites of the eastern region require greater 

enrichment of the light REE. The similarity in the bulk 

composition of these tonalites to those to the west, includ­

ing K
2

0 (and Rb), suggest that the source composition and 

the degree of partial melting were broadly equivalent and 

that, most probably, the source itself was richer and more 

fractionated in light REE. Basalts with moderately light 

REE enriched patterns commonly occur in island arcs and con­

tinental regions, suggesting the possible availability of 

such sources. 
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In the western region, melting at pseudo-invariant 

points or loci of reduced variance are attractive mechanisms 

to produce a diverse lithologic suite with high relative 

abundances of particular compositions. The small degree of 

melting of a gabbroic source necessary to produce siliceous 

leucogranodiorites of the Woodson Mountain type allows trace 

element fractionations to be sensitive to oscillations in 

amount of melt produced and in mineral proportions. These 

factors may contribute to the large variation in REE char-

acteristics observed in these rocks. The more extensive 

melting suggested for tonalitic to quartz gabbroic composi-

tions leads to less sensitivity to these parameters, and 

may be ih part or perhaps largely responsible for the limit-

ed variation in REE and other trace element characteristics 

of these rocks. 

A garnet-bearing but plagioclase-poor or free residual 

assemblage for the source of the tonalites of the central 

and eastern regions is permitted by the experimental studies 

on andesite with reasonable amounts of H2o. Pressures above 

15 kb will give an appropriate assemblage in equilibrium with 

0 
tonalitic melts, with temperatures of 1000 C and above. How-

ever, the negative Eu anomalies and negatively sloped arrays 

on Rb-Sr diagrams for granodioritic rocks of the eastern re-

gion in southern California suggest the involvement of pla-

gioclase in the evolution of these rocks. This can be ac-

counted for in several ways. One possibility is that these 
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features are produced during differentiation at a level high­

er than the source region, the lower pressure permitting 

plagioclase to be stable. However, large masses of H
2
0-un­

dersaturated magma do not intersect their liquidus curves 

upon adiabatic rise until they reach shallow levels. Ap­

preciable differentiation during ascent is not expected, but 

is plausible near the level of emplacement. Bearing on 

this consideration is the observation that a small propor­

tion of the rocks of the central and eastern regions are 

quite Si0 2-rich. This can be seen for the northeasternmost 

part of the batholith in the small number of rocks with high 

Larsen indices (see Fig. 40), but is also known from more 

southerly parts of the batholith (Silver, per. comm.). Ex­

perimental data discussed above suggest that Si0 2-rich melts 

could not form directly from garnet-clinopyroxene sources, 

and implies low-pressure differentiation has participated in 

the evolution of at least these lithologies. The low propo~ 

tion of Si0
2
-rich lithologies may suggest that high-level 

differentiation processes have been largely ineffective in 

the central and eastern parts of the batholith, although it 

must be kept in mind that the deeper levels of erosion in 

these areas may have removed a more differentiated top to 

the batholith. 

It is equally important to emphasize that most of the 

central and eastern region rocks, including many of the 

granodiorites, are not Si0
2
-rich and possess some petrograph-
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ic features not expected in strongly differentiated rocks. 

For example, the granodiorite near Indio (sample 19) has an 

intermediate Si0 2 content and an andesine plagioclase (Ap­

pertdix I), both of which are also characteristic of tonalites 

of the batholith. The major difference between this type of 

granodiorite and the tonalites is the amount of alkali feld-

spar. Therefore, many of the rocks now exposed possibly 

have crystallized directly from melts derived at depth. 

If some of the granodiorites are direct partial melts 

of their sources, they may have formed by smaller degrees of 

partial melting and/or possibly at shallower depths than the 

tonalites. This permits the appearance of plagioclase in 

the residual mineralogy if physical conditions are appropri­

ate (i.e. within or very near the garnet granulite stability 

field). If this were true, an important limitation to the 

depth of the eastern source regions in southern California 

is obtained. An alternative and possibly complementary hy-

pothesis must be considered. The importance of pH 20 in the 

control of subsolidus and residual mineralogies has been 

noted in the experimental investigations cited above. Mod­

est variations in pH
2

0 within the source regions strongly 

influence the relative stabilities of plagioclase, amphi-

bole, and pyroxene. In light of this, consider that the 

granodiorites analyzed in Baja California generally do not 

display negative Eu anomalies and have near vertical arrays 

on Rb-Sr diagrams, suggesting a much less important role 
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for plagioclase. A wetter source region for many of the 

rocks of the eastern region in Baja California compared to 

southern California would tend to eliminate supersolidus 

plagioclase. Hence, for all degrees of partial melting, no 

negative Eu anomalies would be developed and Rb and Sr would 

fractionate differently. This possibility of a wetter 

source also receives support from other REE features. Many 

of the tonalites and granodiorites from the central and 

eastern regions in Baja California have comparatively low 

REE contents and small positive Eu anomalies. These fea-

tures are consistent with a more amphibole-rich residual 

mineralogy, which can be a direct consequence of higher 

pH 20. Additionally, the anomalous western tonalite in Baja 

California (sample 31, Fig. 32) might have been derived from 

a more hornblende-rich source relative to the other tonalites 

rather than by hornblende-dominated fractional crystalliza-

tion. The hornblende-rich character of this rock is in ac-

cord with the former. 

Thus it appears that there are several processes which 

are consistent with the experimental investigations, and 

which may have contributed to the evolution of these rocks 

and their REE patterns. The relative importance of these 

processes, particularly those which participated in the dif­

ferentiation that gave rise to the eastern granodiorites, 

are not fully resolved. 

detailed investigations. 

These questions may yield to more 
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The above do have some implications for the origin of 

the gabbros, previous discussions of which indicated that 

the magmas from which these rocks crystallized may have al­

ready possessed some of their unusual characteristics. The 

difficulties in relating these rocks to the quartz gabbros 

and tonalites has been discussed, but in the western region 

a rather interesting complementarity among the REE patterns 

of some of the siliceous leucogranodiorites and the gabbros 

has been noted. This complementariness is particularly well 

expressed in the light REE and in Eu anomalies, but also ex­

tends to the large variability observed within both rock 

types. These rocks are not thought to be related by high-

level processes as they occur as distinct bodies in the fi­

eld and often do not have mutually compatible mineral as-

semblages. However, if the dominant process of differentia-

tion in the batholith was variable partial melting in the 

source, as suggested by previous considerations, the remelt­

ing of source material which has already produced some melt 

provides a simple mechanism for generating magmas with de-

pleted characteristics. Admittedly, this requires the at-

tainment of extreme temperatures within the source, but a 

gabbroic magma capable of precipitating fosteritic olivine 

and anorthitic plagioclase requires such temperatures. 

The suggestion raised here is that the siliceous leu­

cogranodiorites represent an initial melt, leaving a resi-

dual source. This residual material is remelted to give at 
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least a component of the gabbroic magmas. The initial melts 

might be expected to be among the first magmas to be em-

placed. Geochronological studies of Silver and his cowork-

ers (Banks and Silver, 1966; Silver, per. comm.) have shown 

siliceous leucogranodiorites to be included among the earli-

est of the intrusives, but they actually span the range of 

ages in the western region. 

This hypothesis may offer some explanation for the 

presence of gabbro and siliceous leucogranodiorite together 

in the western region in southern California, but their 

near absence in the central and eastern regions. The forma-

tion of a small amount of partial melt may be controlled by 

an invariant point, as suggested previously. If this in-

variant point is destroyed by a major phase change, the gen-

eration of both lithologies may be suppressed. The fact 

that this lithologic distinction (at least within southern 

California) occurs at the same geographic position as the 

abrupt change in REE characteristics reflects favorably on 

this concept. 

A perplexing aspect of the gabbros is their tendency 

to sometimes be slightly lower in 
87

sr;
86

sr initial ratios 

18 and 0 than adjacent quartz-bearing rocks. A difference in 

Sr isotopic composition among rocks derived during a limited 

time interval from the same homogeneous source reservoir is 

not expected. The variability in the magnitude of the Sr 

isotopic discrepancy (Silver, per. comm.) requires an ad-
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ditional contribution to the local system. The possibility 

that this hypothetical component was magmatic and supplied 

the heat necessary to cause melting of a residual source is 

explored in a separate discussion. 

Summarizing, different residual assemblages and source 

materials appear to provide the dominating influence on the 

western-central and central-eastern region transitions, re-

spectively. Integration of observations on REE and other 

geochemical and ·petrologic characteristics with experimental 

studies has established the plausibility of a gabbroic resi­

dual mineralogy for the western region and a garnet granu­

litic or eclogitic residual mineralogy for the central and 

eastern regions. This change from low to high pressure con-

ditions appears to explain why several different and pre­

sumably independent parameters undergo coupled transitions. 

These variations occur in a regular, systematic ar­

rangement across the batholith, reflecting its structure. 

These variations do not appear to be simply part of a single, 

unified process of which the rocks of the western and eastern 

regions are endmembers mixed to form the central region rocks . 

Indeed, the REE patterns of the central region rocks cannot 

be expressed as a combination of the REE patterns of western 

and eastern rocks. The transitions in REE character are 

abrupt, and as developed above appear to require explanations 

of different natures. This leads to the question of what is 

the mechanism which caused these different assemblages and 
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materials to occur in their orderly arrangement across the 

batholith, and how closely is this tied to the geometry and 

dynamics of the subduction process and to the character of 

the environments across which the batholithic arc was de-

veloped. These questions are most advantageously addressed 

along with further development of arguments for the depth 

constraints, thermal requirements, and geologic context of 

the source materials. 

INFERENCES CONCERNING THE NATURE OF THE MELTING PROCESSES 

AND THE ORIGIN OF THE SOURCE MATERIALS 

LOCATION AND THERMAL REQUIREMENTS OF THE SOURCE REGIONS 

The experimental considerations, if correct, place 

some constraints on the depth of the source regions. Plagi-

oclase feldspar is likely to be present in significant a­

bundances in a supersolidus assemblage of basaltic bulk com-

position at pressures of 10-15 kb or less. The maximum 

depths at which the western source regions are inferred to 

have equilibrated are therefore 30 to 45 km. The source re-

gions of the central and eastern regions require pressures of 

15 kb and greater to stabilize garnet. Pressures cannot 

greatly exceed this value if some plagioclase is to be pres­

ent in the source under subsolidus to slightly supersolidus 

conditions; otherwise, no upper limit on pressure is provided. 

These depth constraints have important implications for 

both the location of source materials within the lower crust 
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or upper mantle and in the thermal requirements for produc-

tion of batholithic melts . Presently the crustal thickness 

as averaged seismically along the length of the peninsula is 

approximately 26 km, with some suggestion of a west-to-east 

thickening giving values as high as 43 km beneath the Sierra 

Juarez (Thatcher , 1972). Several geologic and petrologic 

features in the western Peninsular Ranges (including: dis-

cordant intrusive contacts; occasional miarolit~c cavities; 

low grade of regional metamorphism and largely undisturbed 

prebatholithic section) suggest no more than several kilome­

ters of crust have been eroded since emplacement of the bath­

olith, while in the eastern parts of the province perhaps 10-

15 km or possibly more erosion has exposed a much deeper 

level of emplacement. Deduced post-emplacement crustal thick-

nexxes of roughly 30 km for the western region and 35 to 45 

km (but perhaps locally thicker than 50 km) must be reduced 

to obtain true prebatholithic thicknesses as the emplacement 

of the batholith constituted a major addition of material to 

the crust . 

It appears that pressures prevalent in the source re­

gions of the batholith inferred from the REE data and petro­

logic considerations place the sources largely if not entire­

ly below the base of the crust for all regions of the penin­

sula, to t he best that its location can be estimated . 

Geothermal gradients estimated from experimental know­

ledge of the temperat u re of batholithic magmas (in excess of 
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0 
1000 C for H20-undersaturated tonalite or granodiorite 

melt) and their inferred depth of origin are at least 

100°C/kb to 50°C/kb for the western and eastern regions, 

respectively. These values are unrealistically high for a 

regionally developed geothermal gradient in a continental 

environment, or even an oceanic environment for the case of 

the western region. The simple fact that batholiths such 

as the Peninsular Ranges do not underlie all continental 

areas but rather are localized in curvilinear arcs is an 

indication of the unusual thermal requirements needed to 

form these magmatic rocks. An intense, highly localized 

thermal regime must have existed during their formation. 

CONSIDERATION OF THE ROLE OF CONVERGENT PLATE MOTION 

The increasing depth to the east implied for the 

source regions is suggestive of the asymmetry of a subdue-

tion zone, but direct derivation of batholithic magmas 

from the subducted slab is improbable. A cool slab is not 

expected to be within its melting range at the depths in 

question. The slab almost certainly must be deeper than the 

source regions implied above, but may have contributed to 

them less directly. Substantial quantities of heat energy 

must have been transported to the source regions, most prob-

ably by a transient heat source from below. This heat source 

could have been in various forms, but its inferred long cur-

vilinear shape seems to relate it closely to convergent plate 
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motions and perhaps the subduction process. The possibili-

ties include magmas derived from the vicinity of the subduc­

tion zone, such as basalts derived from the fluxing of the 

mantle overlying the subducted slab with H
2
o and possibly 

other slab components. Alternatively, hydrous pyroxenite 

diapiric masses may be produced above the subduction zone by 

reaction of slab components and overlying peridotite (Ring­

wood, 1974) could rise largely as solid masses and transport 

heat upward. 

Such processes, being controlled by ~onvergent plate 

motions, may offer some explanation for the spatial distri-

bution of the batholithic magmas. A critical constraint is 

the time progression of placements across the peninsula 

(Silver et al., 1975). Recent evaluations (Silver, per. 

comm.) have shown that a broad locus of magmatism was static 

in the western part of the Peninsular Ranges for 20-25 my, 

after which the locus became transgressive and progressed 

eastward. This evolution in magmatic style almost certainly 

reflects some change in the dynamics and perhaps geometry in 

the interaction of converging plates. This transition appears 

to closely but not in all places precisely follow the western 

to central region REE transition, and seems to imply some 

dynamir. control on REE characteristics. The abruptness of 

the western to central REE transition supports this. A 

smoothed, gradational variation would be expected to result 

from generation within a steady state or static setting, as 
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the phase changes which are implied occur by sliding reac­

tions. 

To pursue further what additional controls on the 

characterization of the source regions and melting processes 

might be provided, a comparison of the REE variations ob­

served in the Peninsular Ranges to those in island and con-

tinental margin arcs is made. In the westernmost Peninsular 

Ranges in Baja California, distinctive flat REE patterns 

with slight relative depletions of the light REE observed in 

the San Telmo pluton strongly resemble the early, near 

trench volcano-plutonic elements of oceanic island arcs (e. 

g. Gill, 1970). The geologic setting of the San Telmo plu-

ton, particularly its emplacement as a high-level ring com­

plex into a thick, little disturbed volcaniclastic section, 

is also directly analogous to oceanic island arcs. 

The REE fractionation patterns of the western tonalites 

and quartz gabbros are remarkably similar to those of circum­

Pacific high-alumina basalts (see Fig. 11) with the exception 

of Eu anomalies. It would appear that this form of pattern 

is a fundamental characteristic of many mafic to intermediate 

rocks of circum-Pacific magmatic arcs and that they may owe 

their origin to the same basic processes or materials. An 

important contrasting feature of the REE patterns of these 

batholithic rocks is the consistent moderate negative Eu 

anomaly, which is not generally present in the high-alumina 

basalts. This difference , presumably attributable to some 
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differentiation process involving plagioclase, may be rela­

ted to the generally more siliceous composition of the quartz 

gabbros and tonalites. However, simple fractional crystal-

lization of high-alumina basalt to produce the western 

quartz gabbros through tonalites seems unlikely due to the 

uniformity of the REE patterns among these plutonic rocks, 

especially the Eu anomaly. 

In contrast, the heavy REE depleted patterns of the 

rocks of the central and eastern parts of the batholith have 

not been observed in oceanic island arcs, and have only oc­

casionally been reported in continental margin arcs. 

The strong light REE enrichments which typify the 

rocks of the eastern region of the batholith are observed away 

from the associated trench in both oceanic and continental 

margin magmatic arcs. Therefore materials and processes capa-

ble of producing this particular aspect of eastern patterns 

appear to be available and operative in analogous positions 

in oceanic and continental margin arcs and the batholith. 

Thus, many aspects of the variation of REE character­

istics across the batholith appear to reflect environments 

which occur across the continental margin. The similarity in 

many of these features to those observed in modern magmatic 

arcs lends additional support to the previously established 

relationship between the batholith and a convergent plate 

boundary. However, the striking contrast in the abundance 

of heavy REE depleted rocks in the batholith as compared to 
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their absence in oceanic arcs appears to reflect a fundamen-

tal difference in their setting. 

This leads to consideration of how continental crust 

and lithosphere might influence and participate in the gen-

eration of the magmatic products at convergent plate bound-

aries . It is appropriate to readdress the observations on 

isotopic variations in the batholith. The increasing ini­

. 87 86 t1al Sr/ Sr ratios across the batholith appear to be an 

intrinsic property of the source regions. These variations 

may arise either by long-term differences of Rb/Sr within 

the source regions, or by physically mixing two or more com-

ponents within the source. Long-term differences of Rb/Sr 

in the source regions may be reasonable as the mantle is not 

known to be homogeneous, either vertically or laterally. 

However, some systematic control on these variations is re-

quired to explain the variations observed in the batholith. 

Geophysical studies have suggested that subcontinental man-

tle is a rigid part of the lithosphere to depths of several 

hundred kilometers (e.g. Jordan, 1975). The continental 

crust and lithosphere may have acted as a thick, rigid, low 

density layer which served to localize the formation and/or 

segregation of middle to heavy REE depleted and fractionated 

magmas. It might be speculated that the thickness of the 

crust at a convergent plate boundary is an important factor 

in determining the depth of the source regions . 
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Production of the variations in 
18o observed in the 

batholith by the above processes remains difficult (Taylor 

and Silver, 1978). This warrants consideration of crustal 

components in the source. Crustal materials more sialic 

than basalt may participate in the generation of batholithic 

magmas as a component in the source, but with some firm 

limitations. Consider the observation that all the quartz­

bearing rocks of the region of the batholith display char-

acteristic REE, Sr, and 0 isotopic properties. Incorpora-

tion of sialic crustal components in the source regions 

cannot be responsible for both the local lithologic varia­

tion (such as by having more sialic component present to 

obtain a more granitic derived melt) and the regional trace 

element and isotopic variations. Rather, the sialic compo-

nent must, if present, be a fairly uniformly distributed 

component of the source and contribute to all lithologies 

equally if it is to explain the trace element and isotopic 

variations. Therefore this hypothetical sialic component 

must be of a calcic nature or low enough in abundance such 

that the source remains capable of producing the calcic com-

positions that characterize the batholith. Tonalites and 

low-K
2
o granodiorites of similar bulk composition are the 

dominant rock types across the Peninsular Ranges. A major 

change in the bulk composition of the source regions from 

which these rocks were derived is therefore not expected. 



276 

This argument is supported by the observtions on Sr 

isotopic compositions and REE patterns. The involvement of 

large proportions of old radiogenic crustal materials ap-

pears ruled out by the comparatively unradiogenic character 

of the entire batholith, including the eastern regions. 

Average upper crustal material is likely to have high abso-

lute but unfractionated heavy RRE abundances, such as rep-

resented by shales (see Fig. 9). Most of the eastern region 

rocks have low and fractionated heavy REE abundances, much 

like the central region rocks, despite the more radiogenic 

18 
Sr and higher o 0 values of the eastern rocks. Increased 

involvement of such crustal materials in the source regions 

of the eastern rocks is not suggested. 

At this time, it does not appear possible to offer an 

explanation which adequately reconciles the firm constraint 

provided by the bulk composition of the batholith, the limi-

tations provided by the observations on Sr isotopic compo-

18 
sition and REE, and known sources of high- 0 materials. 

CONCLUSIONS AND IMPLICATIONS 

The most attractive working hypothesis for the origin 

of the REE and other variations across the batholith appears 

to be a combination of mechanisms which occur within the 

sourc~ regions. High-level processes including crystal 

fractionation and contamination are of no more than minor 

importance in producing the basic geographic trends. 
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The decoupling of REE and Sr concentration variations 

from the isotopic trends across the western to central REE 

transition argues for distinct origins of these features. 

An abrupt change from plagioclase to garnet-bearing assem-

blages in the source regions is capable of explaining the 

REE fractionations, elimination of negative Eu anomalies, 

increases in Sr concentration, and possibly the restriction 

in lithologic diversity observed across the boundary between 

the western and central regions . That these four significant 

parameters appear to change together is a strong argument 

for such a related origin. However, it has not yet been 

demonstrated that plagioclase and garnet-bearing sources 

can produce as similar bulk compositions as are seen within 

all regions of the batholith (e.g. tonalites and low-K 2o 

granodiorites) . This inferred change in phase assemblage 

appears to have been superimposed upon a source region al-

8 7 86 18 ready zoned in SrI Sr, o 0, light REE abundances, and 

possibly Sr content . These variations may reflect long-term 

or inherent properties of the source regions , or they may be 

produced by some mixing process within the sources, or both 

processes to some degree. Components participating in a 

mixing process may be of both mantle and crustal origin, 

but must be capable of generating tonalitic and low-K 20 

granodioritic melts over the entire region. Additionally, 

the observed regularities in the regional variations of the 
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above properties require that components be mixed in a very 

systematic manner, the controls on which are poorly defined. 

The energy needed to generate melt in the source regions 

is inferred to be supplied by convergent plate motions. 

Temperature and pressure constraints on the source regions 

indicate the batholithic magmas cannot be directly derived 

from subducted slab materials or from mantle components im-

mediately overlying the slab. It may be speculated that 

magmas generated in the vicinity of the subduction zone rose 

and contributed heat and possibly material to the source 

regions of the batholith. Perhaps this mechanism determined 

the elongate form of the batholith as well as the general 

alignment of all the variations along its length. 

The REE-fractionated rocks of the central and eastern 

regions appear to require sources at pressures high enough 

to yield garnet-bearing assemblages. The abruptness of the 

western to central REE transition seems inconsistent with 

the gradual phase transformation expected from gabbroic to 

garnet granulitic to eclogitic assemblages in basaltic source 

materials with increasing depth. The abruptness of the REE 

transition and its fairly close correlation to a transition 

from a static to transgressive arc suggests that this fea­

ture is related to a change in the dynamics and possibly 

geometry of the interaction of plates at a convergent bound-

ary. The static arc tapped relatively shallow sources where~ 

as the transgressive arc sampled deeper garnet-bearing 
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sources as it moved across the continental margin. Compari-

son to REE variations in island arcs suggests thicker con­

tinental lithosphere may play an important role in providing 

sites at appropriate depths for the formation and/or segre­

gation of middle to heavy REE depleted and fractionated bath-

olithic magmas. Such sites do not appear to be present in 

oceanic island arc environments. 

Details of the nature of the heat sources remain largely 

unresolved. Further study of the gabbroic rocks may yield 

additional information as these rocks are the most probable 

to have been intimately associated with the heat sources. 

The Sr and 0 isotopic compositions of the gabbros, which 

often differ from adjacent quartz-bearing rocks, may be an 

indication of material contributions. The complex petro-

logic features of the gabbros, particularly those developed 

at high levels, must be better understood, however, before 

deeper-seated characterisitcs can be confidently inferred. 

It may be possible to obtain a better understanding of 

the variations within the batholith by extending sampling 

to the east. The present investigation has been limited to 

the locus of intense magmatic activity within the Peninsular 

Ranges. Regional studies (e.g. Silver et al., 1975) have 

established th~t the same cycle of magmatic activity trans­

gressed eastward, onto the Precambrian craton in Sonora, 

Mexico. A major change in the petrologic character of the 

plutonic rocks across the cratonic boundary has been noted 
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(Silver et al., 1975). If the batholith had sources within 

the continental lithosphere, plutons which were emplaced into 

the craton should be more uniquely indicative of lithospheric 

components. It is not yet known whether these rocks display 

variations in geochemical characteristics which are more 

extreme than rocks to the west. Would the batholithic rocks 

have REE patterns appro~mating shale composites? Geochemical 

studies of these rocks should be pursued so that the origin 

of the variations across all segments of the batholith can 

be more effectively evaluated. 

The growth and evolution of the continents by orogenic 

episodes is well established . Granitic batholiths and 

associated volcanic and volcanic-derived rock masses are 

major if not dominating components of the continental crust. 

The observed variations in REE and other characteristics 

across the Peninsular Ranges batholith provide an example 

of the contributions of a simple and relatively recent oro-

genic episode to the North American continent. This is the 

first report of systematic variations in REE characteristics 

across a granitic batholith whose geologic relationships have 

established its formation at a convergent plate boundary. 

It must be asked whether batholithic arcs of the same age and 

analogous setting display similar variations, and if older 

arcs also show related features. 

The present study emphasizes that REE investigations 
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of other orogenic terrains might be evaluated in light of 

the large but systematic variations observed across a single 

magmatic arc. These variations appear to have a simple geo-

metric relationship to a convergent plate boundary and in-

ferred subduction zone. Complex orogenic terrains which are 

comprised of multiple superimposed plutonic arcs in differ­

ing orientations may display complex or apparently nonsys­

tematic variations in REE and other geochemical character~ 

istics related to the geometry of the plate boundary. In 

terrains where field and geochronologic studies have identi­

fied and resolved the multiple arc components, the transverse 

REE variations observed in the Peninsular Ranges batholith 

may be useful in establishing the orientation of the plate 

boundaries and for comparing magmatic arc genesis in differ-

ent age regions. This may be particularly valuable in Pre-

cambrian terrains which have had extended deformational and 

metamorphic histories and where much of the geologic evi­

dence for original setting and genesis has been lost. In 

regions where an adequate geochronologic framework does not 

exist, REE variations may be of value in aiding the resolu-

tion of superimposed arcs. In settings such as the south-

western North American continent, where large lateral shears 

have separated and juxtaposed segments of various magmatic 

arcs, REE and other variations should provide additional con­

straints for the identification and reconstruction of tectonic 
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components. 
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APPENDIX I 

PETROGRAPHIC DESCRIPTIONS AND CHEMICAL 

ANALYSES OF SELECTED SAMPLES 

Petrographic descriptions and chemical analyses of 

eleven selected samples representative of the range of lith-

ologies in the Peninsular Ranges batholith are presented 

below. These samples are: 

Sample 

1 

5 

9 

16 

19 

20 

23 

29 

32 

43 

so 

Rock Type 

Tonalite 

Tonalite 

Quartz Gabbro 

Calcic Ga.bbro 

Granodiorite 

Low-K
2
o 

Granodiorite 

Western 

Central 

Western 

Eastern 

Eastern 

t:astern 

Leucogranodiorite Western 

Tonalite 

Low-K 20 
Granodiorite 

Leucocratic 
Tonalite 

Tonalite 

Eastern 

Central 

Western 

Central 

Region 

Southern California 

Southern California 

Southern California 

Southern California 

Southern California 

Southern California 

Southern California 

Southern California 

Baja California 

Baja California 

Baja California 
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Sample: 1 Location: From the tunnel dumps 

Rock Type: Tonalite 
of the Val Verde Aquaduct, 14.5 
km east of Lakeview, San Diego 
Co . , California 

General description: A medium-coarse grained biotite-horn­
blende tonalite. This rock is moderately foliated 
and carries several percent mafic inclusions. From 
a large intrusive mass studied in detail by Osborn 
(1939). A characteristic western tonalite of the 
Borisall type (Larsen, 1948), which underlies large 
areas. 

Mineralogy and Textures 

50.1 

26.3 

8.9 

12.4 

Plagioclase Mostly subhedral grains up to 5 mm in 
an interlocking texture; seriate size distri­
bution; complex twinning; normal and oscilla­
tory zoning with a euhedral growth pattern; 
some appear slightly blurred; average interiors 
about An 40 ; some more calcic zones and rare 
cores present with a maximum difference of 20 
An units, but typically core to rim zoning does 
not exceed 10 units; rare grains have inclusions 
of hornblende; slight dusting of grains, and 
occasional cores have sausseritic alteration. 

Quartz Generally equant anhedral grains up 
to 3 mm; slightly undulose extinction; inter­
stitial to plagioclase and to a lesser extent 
to hornblende; often irregular, slightly rag­
ged grain boundaries with biotite . 

Hornblende Subhedral and some occasional near 
euhedral prismatic grains up to 5 mm; pleo­
chroic in light brown to olive green, but 
tinges of blue-green especially near penetrat­
ing biotite and sphene; twinning common; many 
grains carry a few inclusions of subhedral 
plagioclase; subhedral opaque also common, an­
hedral sphene less so; molding around plagio­
clase often observed. 

Biotite Irregular anhedral to equant subhedral 
grains up to 3 mm ; pleochroic in light to dark 
brown; molded around and occasionally slightly 
penetrating plagioclase and hornblende; rela­
tively free of inclusions, sparse apatite and 
zircon the most common; occasional grains with 
partial replacement by chlorite in interlayer 
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and flame structures, often accompanied by a 
small amount of anhedral sphene. 

Alkali feldspar Anhedral interstitial grains less 
than 1 mm; very slight dusting. 

Epidote/Allanite Anhedral grains usually less than 
1 mm, but rarely up to 2 mm; pleochroic in pale 
yellow to pale green; occurs most commonly as 
a reaction product in and on hornblende and 
biotite, usually associated with an assemblage 
of sphene, chlorite, and to a lesser extent 
opaque; less often seen as a primary mineral 
filling interstices; also as an alteration of 
plagioclase; one large 2 mm grain observed to 
have an anhedral .2 mm patch of allanite. 

Sphene Small anhedral grains up to .4 mm; 
usually part of and alteration assemblage on 
mafics; occasional grains are interstitial . 

Opaque Small subhedral grains up to .2 mm; 
dispersed in hornblende. 

Chlorite Anhedral grains as part of an altera-
tion assemblage on mafic minerals. 

Apatite 
mafics. 

Zircon 

Euhedral prisms less than .1 mm; in 

Squat prisms less than .1 mm; in mafics. 

Calcite/White mica Traces in alteration of plagio­
clase. 

Mode determined on 12 thin sections, 20,000 points, by L . T. 

Silver. 
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Sample: 5 Location: 9 km N of Aguanga, River­
side Co., California Rock Type: Tonalite 

General description: Medium to coarse grained hornblende­
biotite tonalite. Evenly distributed,well-formed 
independent prisms of hornblende, euhedral to sub­
hedral, and equant books of biotite, both up to 1 
em in dimension; weakly foliated. This rock is a 
characteristic lithologic and textural type of the 
central Peninsular Ranges, and forms very large plu­
tons. 

Mineralogy and Textures 

60.8 

2 1 • 2 

Plagioclase Mostly subhedral grains, many perfect 
crystal faces; seriate size distribution, .2 
to 7 mm; complex twinning; normal and delicate 
euhedral oscillatory zoning commonly observed, 
mostly limited to the range of An40 to An 35 , 
core to rim. Occasional calcic cores and zones 
of sadie labradorite. 

Quartz As large equant to subequant anhedral 
masses up to 6 mm in dimension, and as small 
interstitial grains; undulose extinction. 

9.8 Biotite Anhedral plates up to 5 mm, with high-
ly irregular, characteristically ragged grain 
boundaries; pleochroic, pale to olive to red­
dish brown; interstitial to plagioclase; small 
amount of chlorite in interlayers; inclusions 
of opaque common. 

7.0 Hornblende Subhedral, stout prisms up to 5 mm; 
rarer anhedral grains still with prismatic 
form; pleochroic in pale brown to olive green 
with tinges of blue-green along some grain mar­
gins and some opaque and sphene grains; some 
larger grains are unusually poikilitic toward 
their interiors, anhedral quartz the most abun­
dant inclusion but apatite and opaque are also 
common . 

. 21 Sphene Anhedral to rare subhedral grains, up 
to but usually much less than 1 mm; adjacent 
to or as inclusions in hornblende and biotite . 

. 11 Alkali feldspar Rare interstitial grains not exceed­
ing a few tenths of a mm; clear. 
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Opaque Largely equant grains, anhedral to 
subhedral, up to .4 mm; strongly associated 
with biotite and hornblende. 

Chlorite Fibrous masses in limited replacement 
of biotite and hornblende. 

Apatite Small euhedral prisms mostly in bio-
tite and hornblende. 

Epidote Anhedral grains up to several tenths 
of mm; as both primary and secondary grains: 
interstitial cavity fillings and replacement 
of mafics, respectively . 

Allanite One .5 mm grain observed; pleochroic 
in light brown to light reddish brown; epidote 
along rim, anhedral sphene traverses center of 
grain . 

• 01 Zircon Stubby euhedral to subhedral crystals 
up to .2 mm, mostly in mafic minerals. 

Mode determined on 1 thin section, 1886 points. 



301 

Sample: 9 Location: In the San Marcos Moun­
tains 7.5 km SSE of Bonsall, 

Rock Type: Quartz Gabbro San Diego Co., California 

General description: Medium grained, unfoliated quartz gab­
bro with an inequigranular, hypidiomorphic texture. 
The rimming of pyroxenes by hornblende and the pres­
ence of quartz and biotite are notable features. 
From the type locality . of the San Marcos gabbro 
(Larsen, 1948), although no r6ck is typical of this 
heterogeneous formation. 

Mineralogy and Textures 

so 

8 

3 

13 

Plagioclase Mostly subhedral grains up to 3 mm; 
complexly twinned; oscillatory zoned interiors 
and normally zoned rims; calcic zones and cores 
have An 52 _ 68 ; normal zoning of rim usually does 
not exceed IO An units and total zoning is 
usually 15-20 An units; occasional inclusions 
of, and in places molded around, orthopyroxene; 
very slight dusting of grains, occasionally 
concentrated in calcic zones. 

Clinopyroxene Anhedral and rare subhedral grains 
0 usually to 1.5 mm, rare grains to 3 mm; 2V~40 

(+); often twinned; exsolution of fine grained 
rod-shaped opaque and possibly plates of rutile, 
crystallographically oriented; most grains are 
discontinuously rimmed, slightly penetrated 
and replaced by hornblende; often molded around 
plagioclase; rare inclusions of orthopyroxene . 

Orthopyroxene Subhedral to anhedral grains up to 1 
mm; 2V~S0°(-); very slight pink-green plea­
chrism in some grains; rarely in granular ag­
gregates (recrystallized?); many grains partly 
rimmed by hornblende, with some penetration 
and replacement; rare inclusions of subhedral 
plagioclase. 

Hornblende Anhedral interstitial grains up to 2 
mm; pleochroic in light to medium green; most 
grains are highly irregular and rimming pyrox­
enes; inclusions of subhedral plagioclase and 
pyroxene quite common; in some larger grains, 
reaction with and replacement of pyroxene is 
indicated. 
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Biotite Anhedral plates up to 3 mm; pleochroic 
in light to dark brown; commonly but not always 
associated with hornblende; molded around and 
interstitial to most other major minerals ex­
cept quartz; inclusions of plagioclase and 
opaque common, and also inclusions of pyroxenes, 
apatite, and zircon. 

Quartz Anhedral interstitial grains up to 1.5 
mm; slightly undulose extinction . 

Opaque Anhedral grains up to .3 mm; distributed 

Zircon 

in all mafic phases; in the rare granular aggre­
gates of orthopyroxene, opaque is found in abun­
dance as wormy to wispy grains. 

Rare euhedral prisms in biotite, <.1 
rom. 

Apatite Rare euhedral prisms <.1 mm; as needles 
in plagioclase. 

Approximate mode determined by visual estimation. 
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Sample: 16 Location: Southern part of Thomas 
Mountain, 5 km NE of Anza, 

Rock Type: Calcic Gabbro Riverside Co., California 

General description: A medium to medium-coarse grained eu­
critic gabbro. This rock has a well defined corona 
texture which always isolates anorthitic plagioclase 
from olivine with pyroxenes, spinel, and pale amphib­
olite. This rock is from one of the rare gabbroic 
bodies of the east side of the batholith, and is 
somewhat coarser than most gabbros. This body is 
highly heterogeneous on the scale of tens of meters, 
and includes anorthositic phases. 

Mineralogy and Textures 

55 Plagioclase Subhedral to anhedral, tabular to 

5 

equant grains up to 5 mm; complexly twinned, 
unzoned, An92; many grains have an abundance 
of small rod-shaped inclusions, probably an 
amphibole, occurring both randomly oriented 
and crystallographically oriented; occasion­
ally inclusions are arranged in euhedral zones, 
suggesting their distribution is related to 
growth and possibly relict zoning; plagioclase 
appears to be replaced to a limited extent by 
amphibole along some margins as well as by the 
growth of rods. 

Olivine 
reddish 
central 
separate 

Anhedral grains up to 2 mm; very slight 
color ; 2V>70(-); always found in the 
parts of complex mafic aggregates which 
olivine from plagioclase. 

20 Clinopyroxene Equant anhedral to subhedral grains 
up to 4 mm; some twinned; 2V=50-60°(+); crys­
tallographically controlled e x solution of red­
brown Fe-Ti oxide (?) as small plates; often 
surrounded and partially replaced by ortho­
pyroxene. 

15 Orthopyroxene Highly irregular anhedral poikilitic 
grains up to 6 mm; pale green, slightly pleo­
chroic; 2V~90(-); molded around plagioclase; 
surrounds olivine and clinopyroxene, often in­
vading the contacts between these two minerals, 
most likely at the expense of the latter; in 
such cases, optical continuity between clino­
pyroxene and orthopyroxene is sometimes ob­
served; found in wormy intergrowths with spinel 
at an intermediate zone in the corona texture. 
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Pale amphibole Irregular anhedral grains up to 3 mm; 
2V large (+); probably cummingtonite; molded 
around and to a limited extent replacing pla­
gioclase; always in an exterior position in 
the mafic aggregates of the corona texture. 

Spinel 
(+); 

Small wormy grains; green, high relief 
intergrown. with orthopyroxene. 

Opaque Anhedral grains up to .5 mm; found as 
equant grains randomly distributed among and 
around other mafic minerals, as fracture lining 
or filing in oliv i ne , and along cleavage in 
pyroxenes . 

Phlogopite 
chroic 
plates 

Subhedral plates up to . 5 mm; pleo­
in pale brown ; only a few well formed 
observed ; late growth on other mafics. 

Approximate mode determined by visual estimation. 
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Sample: 19 Location: From road cut on SR 111, 
8 km east of Palm Desert, River­
side Co., California Rock Type: Granodiorite 

General description: A medium grained hornblende-biotite 
granodiorite. Moderately foliated with prominent 
subhedral hornblende and well distributed, euhedral 
green sphene crystals. The essential amounts of 
alkali feldspar found in thin section are difficult 
to recognize in hand specimen, and the rock resembles 
a tonalite. This rock has been the subject of the 
detailed study of the distribution of REE among min­
erals. 

Mineralogy and Textures 

46.2 

26.4 

3.94 

9.81 

Plagioclase Subhedral grains up to 5 mm; complex-
ly twinned; weakly zoned, gradationally from 
An3~_ 40 core to An 30 , rarely An 25 rim; rare 
gra1ns with antiperthitic exsolution in check­
ered patches restricted to part of the grain 
interior; myrmekitic intergrowths with quartz 
along most contacts with alkali feldspar; very 
slight dusting of some grains with fine grained 
alteration, occasionally along twins. 

Quartz Anhedral grains , usually equant and 
in aggregates, up to 5 mm; undulose extinction, 
but not highly strained; commonly molded around 
or interstitial to plagioclase, hornblende, 
sphene, and allanite . 

Hornblende Subhedral grains in prismatic form to 
6 mm, rarely to 1 em; pleochroic in light brown, 
olive, and blue-green; 2V 35-40(-); commonly 
twinned; some in aggregates with biotite, lim­
ited reaction; molded around plagioclase and 
sphene , and carries sparse inclusions of an­
hedral quartz, subhedral biotite usually near 
rims, and apatite; rare 1 em grains are oikio­
crystic: many inclusions of anhedral, irregular 
quartz and to a lesser extent sphene and bio­
tite in the interior of grains; this quartz 
has inclusions of minute apatite needles; 
sphene and biotite may be secondary. 

Biotite Subhedral to anhedral plates up to 5 
mm ; pleochroic in light olive brown to dark 
brown; apatite and zircon are occasional in-
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elusions; rare grains have an abundance of fine 
apatite needles; other rare grains appear to 
have inherited inclusions of anhedral quartz 
with apatite inclusions by partial replacement 
of oikiocrystic hornblende. 

Alkali feldspar Equant to subequant anhedra up to 
3 mm; largely clear grains, little dusting with 
fine alteration; incipient microcline twinning 
in occasional grains; modestly interstitial to 
most of the other major minerals, but not con­
sistently; some grains have a small area, never 
on the rim, in which a small amount of a fine 
grained feldspar(?) has exsolved(?) . 

Myrmekite Fine wormy intergrowths of plagioclase 
and quartz often but not always developed in 
plagioclase where against alkali feldspar; 
some variation in coarseness observed . 

. 50 Sphene Euhedral to subhedral grains up to 2 
mm; twinning common; most are independent grains, 
some of which have a small number of opaque 
inclusions; a very small proportion of sphene 
is as small anhedral grains which appear to be 
a late reaction product on hornblende and bio­
tite . 

. 41 Epidote Mostly anhedral grains less than .5 
mm; clear; found as an overgrowth on allanite 
and as a reaction product on hornblende . 

. 094 Apatite Euhedral to subhedral prisms up to .1 
mm; commonly as inclusions in biotite and horn­
blende . 

. 055 Allanite Euhedral, independent grains ranging 
to several mm, but most less than 1 mm; zoned 
pleochroism with brownish yellow cores and 
yellow rims; zoning pattern is usually some­
what irregular and gradational, but is occa­
sionally oscillatory and sharply euhedral; 
allanite grains are often discontinuously over­
grown by clear anhedral epidote with a sharp 
contact between them; epidote overgrowths are 
always well developed against b i otite, less so 
against hornblende , and are usually absent 
against quar t z . 

. 033 Chlorite Anhedral grains less than .1 mm; 
associated with epidote in the alteration of 
mafics. 
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.022 Opaque Rare grains of hematite-ilmenite occur 
as inclusions in sphene . 

• 006 Zircon Euhedral grains less than,l rnrn, in 
hornblende and biotite. 

Mode determined on 10 thin sections, 18,041 points. 
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Sample: 20 Location: At the easternmost foot 
of the Santa Rosa Mountains, 

Rock Type: Low-K
2
o 

Granodiorite 
18 km south of Indio, Riverside 
Co., California 

General description: A medium to medium-coarse grained horn­
blende-biotite granodiorite. Large euhedral, poiki­
litic alkali feldspar megacrysts up to 2 em are prom­
inent. A moderate foliation is defined by alignment 
of mafic grains and to a lesser degree by the orien­
tation of alklai feldspar megacrysts. This rock type 
is exclusively eastern in character, and is recog­
nized only in a few localities even there. 

Mineralogy and Textures 

45 

25 

15 

7 

6 

Plagioclase Subhedral grains up to 5 mm; weak, dif-
fuse normal and oscillatory zoning, average com­
position about An3 0 ; some penetration and re­
placement by biotite and to a lesser extent by 
epidote; slight granulation along occasional 
grain boundaries; occasional bending of twin 
lamellae; rare grains show closely spaced la­
mellae of variable width which appear to strain 
related; most grains clear. 

Quartz Anhedral grains up to several mm, and 
many grains in aggregates up to 7 rom; strongly 
undulose extinction; locally recrystallized to 
fine grained (a few tenths rom) polygonal aggre­
gates; smaller grains commonly occupy inter­
stitial positions relative to plagioclase. 

Alkali feldspar Mostly as large grains up to 6 rom; 
anhedral,but most ~rains are near equant; in­
cipient microcline twinning in many grains; 
fine grained exsolution, probably plagioclase, 
observed in small areas within occasional 
grains; inclusions are common but not abundant, 
and include quartz, sphene, biotite and zircon. 

Biotite Anhedral to subhedral grains up to 3 
mm ; pleochroic in light to dark brown and olive 
green; many grains are raggy and replace plagio­
clase and hornblende; partial riming of plagio­
clase by interstitial biotite occasionally ob­
served; some bending of plates observed. 

Hornblende Subhedral to anhedral grains up to 4 
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mm, rarely to 5 mm; pleochroic in light brown, 
olive green, to blue-green; larger grains are 
prismatic and commonly have a few small sphene 
inclusions; some small grains interstitial to 
biotite and plagioclase; occasional partial re­
placement by biotite and to a lesser extent by 
epidote. 

0.5 Sphene Euhedral to subhedral grains up to 2 

tr 

tr 

tr 

tr 

mm, rare small anhedral grains; inclusions of 
opaque common, some of which are wormy. 

Epidote Generally anhedral grains up to .5 mm, 
rare grains are subhedral Up to 1.5 mm; found 
as a replacement mineral associated with bio­
tite, and less commonly with hornblende and 
plagioclase. 

Apatite Euhedral prisms up to .2 mm; mostly 
in hornblende and biotite. 

Opaque Subhedral to anhedral grains up to .5 
mm; commonly associated with mafic grains, par­
ticularly sphene. 

Zircon Small euhedral prisms. 

Approximate mode determined by visual estimation. 
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Sample: 23 Location: From Woodson Mountain, 
7 km NE of Poway, San Diego 

Rock Type: Leucogranodiorite Co., California 

General description: A medium-coarse grained hornblende­
biotite leucogranodiorite from the type locality of 
the Woodson Mountain granodiorite (Larsen, 1948). 
In hand specimen, large, equant quartz grains are 
prominent, and finer grained mafics are uniformly 
distributed. The low mafic and high quartz content 
of this rock is characteristic of this volumetric­
ally important western rock type. 

Mineralogy and Textures 

42 

35 

Plagioclase · Subhedral grains up to 5 mm, but most 
less than 3 mm; euhedral oscillatory zoning and 
normal zoning, cores An 23 _ 25 , rims to roughly 
An

15
_ 20 ; some patchy zoning superimposed on 

many grains; strong sausseritic alteration of 
infrequent interiors, indicating more calcic 
cores and zones were originally present; other­
wise, slight dusting of grains. 

Quartz Anhedral equant grains, some up to 6 
mm; slight undulatory extinction; several of 
the larger grains have crude but recognizable 
hexagonal and bipyramidal shapes. 

12 Alkali feldspar Anhedral to subhedral grains up to 
3 mm; incipient microcline twinning; inter­
stitial to plagioclase and quartz, occasion­
ally partly rimming or entirely surrounding 
subhedral plagioclase; grains are well dusted 
with fine grained alteration. 

7 Biotite Anhedral grains up to 2 mm; pleochroic 

3 

in light to dark brown and olive brown; often 
ragged, grouped in small aggregates, with lim­
ited irregular penetration of feldspar; poiki­
litic with abundant inclusions of small, equant, 
anhedral sphene grains, which are occasionally 
concentrated at grain boundaries; zircon, opaque 
and apatite are less common; in occasional grains 
many small overlapping polygonal-like biotite 
flakes occur at the margin or even in an inter­
ior, apparently late growth, replacement, or 
recrystallization. 

Hornblende Subhedral, partly raggy grains up to 
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1 mm; often twinned; pleochroic in light brown 
to green to blue-green; hornblende is locally 
replaced by biotite; rare interiors with abun­
dant sphene and biotite; opaque is a common 
inclusion . 

Opaque Subhedral grains up to .5 mm; mostly 
in hornblende and biotite, and often has a 
granular rim of sphene. 

Sphene Anhedral grains less than .5 mm; found 
only with mafic minerals; partially surrounds 
some opaque and biotite grains, suggesting 
granular exsolution. 

Apatite 
. 1 mm; 

Euhedral to subhedral grains less than 
mostly in biotite . 

Zircon Euhedral grains less than .1 mm, in 
biotite. 

Approximate mode determined by visual estimation. 
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Sample: 29 Location: From In-Ko-Pah Gorge, 6 
km WSW of Ocotillo, Imperial 
Co., California Rock Type: Tonalite 

General description: A medium-coarse grained hornblende­
biotite tonalite. Seriate size distribution with 
most grains less than 6 mm; rare grains greater 
than 1 em. An abundance of independent sphene grains 
is notable in this rock, and a characteristic fea­
ture of several lithologies on the east side of the 
batholith. 

Mineralogy and Textures 

61.8 

22.7 

9.5 

5.4 

Plagioclase Subhedral to anhedral, most grains 
having a tabular form; seriate size distri­
bution with most grains less than 6 mm, but 
rare crystals greater than 1 em; weak normal 
and oscillatory zoning; cores An 35 _~ 0 , rims 
to about An

30
; zoning is euhedral, but some 

mottling is present due to replacement and/or 
partial internal reequilibration. 

Quartz Equant to subequant anhedral single 
grains and aggregates up to 4 mm; undulatory 
extinction; some grains interstitial to 
plagioclase. 

Biotite Anhedral plates up to 4 mm; pleochroic 
pale to dark brown; irregular but only occasion­
ally ragged grain boundaries; small proportion 
of grains have an unusually large number of 
minute apatite prisms; to a minor extent, bio­
tite replaces hornblende and penetrates pla­
gioclase. 

Hornblende Subhedral to anhedral, up to 4 mm; 
pleochroic green, olive green, light brown; 
rarer blue-green irregularly distributed and 
with sphene; commonly twinned; sometimes in­
terstitial to plagioclase; small apatite and 
opaque inclusions common . 

. 55 Sphene Subhedral to anhedral independent 
grains up to 4 mm; polysynthetic twinning ob­
served; poikilitic, partly to completely en­
closing quartz and subhedral plagioclase up 
to .5 mm in size; overall shape usually sug­
gestive of euhedral diamond cross section, 
prismatic form. 
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tr Alkali feldspar Rare small interstitial grains; 

tr Opaque 

clear . 

of a rom; 
Small equant grains up to a few tenths 
mostly in hornblende. 

tr Zircon Squat equant grains less than .1 rom; 
mostly in hornblende and biotite. 

tr Chlorite Small anhedral grains as interlayers 
in biotite. 

tr Apatite Euhedral prisms up to .2 rom; mostly 
as inclusions in mafic minerals. 

tr Epidote Small anhedral grains; rims allanite 
and occurs as a secondary mineral on feldspar . 

tr Allanite Subhedral-anhedral; one . 5 rom grain 
observed; pleochroic in tan to reddish brown 
(a); 2V large (-) . 

Mode determined on 1 thin section, 1833 points. 



Sample: 32 

Rock Type: Low-K
2

0 
Granodiorite 
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Location: On Mexico Highway 2, 
approximately 4 km east of 
Santa Isabel, Baja California 
del Norte, Mexico 

General description: A medium grained hornblende-biotite 
granodiorite. Nonfoliated with a uniform texture 
characterized by evenly distributed, equant books 
of subhedral biotite and subhedral prisms of horn­
blende. This rock is from one of the largest plu­
tons of the batholith, the La Posta pluton of Miller 
(1935), which is striking in its uniformity. It is 
an excellent example of the low-K 2o granodiorites 
of the central region of the batholith. 

Mineralogy and Textures 

Plagioclase Subhedral tabular grains up to 4 mm; 
euhedral oscillatory zoned interiors, normally 
zoned rims; typically cores An35, rims An 25 ; 
occasional calcic zones and cores have moder­
ate fine grained alteration; myrmekite devel­
oped along some borders with alkali feldspar. 

Quartz Anhedral grains up to 4 mm; generally 
interstitial to plagioclase, with occasional 
inclusions of plagioclase. 

Biotite Sub- to anhedral equant grains up to 
3 mm; pleochroic light to dark brown; inter­
stitial to but sometimes slightly penetrating 
plagioclase; altered to chlorite along occa­
sional cleavages, sometimes accompanied by 
sphene, less commonly by opaque and epidote; 
rare grains have high concentration of small 
apatite grains; others have opaque exsolved 
(?) along cleavages. 

Hornblende Subhedral grains up to 3 mm; commonly 
twinned; pleochroic light brown to green, but 
occasionally to blue-green when adjacent to 
sphene; rare partial replacement by chlorite. 

Alkali feldspar Anhedral grains up to several mm, 
but forms poikilitic grains greater than 1 em; 
interstitial; clear . 

Sphene Anhedral grains up to .3 mm; found in 
hornblende and biotite, associated with chlor­
ite. 
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Chlorite Anhedral grains mostly less than .5 
mm, but rare grains up to 1 mm; found along 
cleavage in biotite, less commonly in and about 
hornblende. 

Myrmekite Small wormy plagioclase-quartz inter-
growths at some alkali feldspar-plagioclase 
contacts . 

Apatite Small euhedral prisms up to .2 rom; 
mostly in mafic grains. 

Opaque Small sub- to anhedral grains up to 
.1 rom; mostly in hornblende and biotite; also 
as exsolved(?) plates along cleavages in oc­
casional biotite grains. 

Epidote Anhedral grains up to .5 rom; pleochroic 

Zircon 

from clear to pale yellow; as alteration in 
biotite, associated with chlorite. 

Small, rare euhedral prisms up to .1 
mm. 
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Sample: 43 Location: 4.5 km NE of San Telmo, 
Baja California del Norte, 
Mexico. Rock Type: Leucocratic 

Tonalite 

General description: Medium grained biotite-hornblende leu­
cocratic tonalite, fairly typical of the San Telmo 
pluton. Oscillatory zoned plagioclase and abundant 
large equant quartz characterize this rock and the 
pluton. Distinguished from an average leucotonalite 
of San Telmo by the presence of biotite and subhed­
ral rather than interstitial hornblende, and by a 
higher abundance of alkali feldspar. 

Mineralogy and Textures 

51.0 

35.5 

Plagioclase Euhedral to subh~dral, seriate distri-
bution up to 4 mm; very fine oscillatory zoning 
of a few An units superimposed on normal zoning 
of An35 cores to An 25 rims; this euhedral form 
is overgrown by anhearal to subhedral rind of 
An 20 or slightly less, which constitutes 10-20% 
of the diameter of most grains; occasional 
grains have slight dusting of fine grained al­
teration, particularly in calcic zones; some 
limited replacement of plagioclase by fine 
grained biotite. 

Quartz Unstrained equant grains up to 4 mm; 
mostly in polygonal aggregates to 7 mm, with 
an interlocking texture. 

Hornblende Subhedral grains up to 1 rom; 2V~70 
0 

(-); pleochroic in pale brown, green, and blue­
green, the latter mottled and irregularly dis­
tributed in some grains; some interior patches 
of biotite in occasional grains, apparently re-

6.2 placing hornblende; other grains in mixtures 
of anhedral hornblende, biotite, and opaque . 

amphibole Fibrous masses likely to be pseudo-
morphs after a prismatic mineral (pyroxene?); 
slightly pleochroic from clear to very pale 
brown and green; 2V very large; associated with 
opaque and minor chlorite, biotite, and horn­
blende , which may be replacing the pale amphi­
bole; aggregates of anhedral hornblende, bio­
tite, and opaques may be the result of this 
process carried further. 
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2 . 0 Biotite As anhedral plates up to 2 mm, and as 
fine shreddy replacements of other mafics; an­
hedral plates are often in aggregates, which 
also contain opaques . 

4.0 Alkali feldspar Small anhedral grains generally not 

tr 

tr 

larger than a few tenths of a mm; most are in ­
terstitial, commonly along plagioclase margins; 
considerable dusting with fine grained altera­
tion . 

Apatite Rare small prisms in mafics . 

Zircon Euhedral to subhedral prisms u p to . 2 
mm; mostly in biotite. 

tr Opaque Anhedral , up to 1 mm; strongly asso -
ciated with other mafic minerals. 

Mode determined on 1 thin section , 1600 points, by Don 
DePaolo . 
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Sample: 50 Location: 2.2 km NW of the Meling 
Ranch, in the western foothills 
of the Sierra San Pedro Martir, 
Baja California del Norte, Mex­
ico. 

Rock Type: Tonalite 

General description: A medium grained biotite-hornblende 
tonalite. Weakly foliated, with rare 1 em-sized pla­
gioclase crystals. This sample is located within a 
gradational zone between the prismatic hornblende and 
seriate porphyritic tonalite units of the San Jose 
pluton (Murray, 1978). The mode and parts of this 
description are after Murray (1978). 

Mineralogy and Textures 

63.0 

18. 2 

8. 6 

5. 8 

Plagioclase Generally subhedral tabular to equant 
grains up to 4 mm; rare larger grains to ap­
proximately 1 em; euhedral oscillatory and nor­
mal zoning, but occasionally some patchiness 
is developed; interiors t)pically An 36 _ 40 , rims 
to An 20 _ 25 ; rare patches of sausseritic alter­
ation, otnerwise slight to moderate dusting of 
grains. 

Quartz Anhedral grains up to 4 mm; generally 
interstitial to plagioclase; larger grains usu­
ally composed of several domains; uniform or 
slightly undulose extinction. 

Hornblende Subhedral to anhedral grains up to 3 
to 4 mm; generally prismatic; pleochroic pale 
tan, light olive green, and light green; occa­
sional penetration and replacement by biotite 
and chlorite; hornblende commonly in aggregates 
of several grains, often accompanied by biotite. 

Biotite Anhedral to subhedral grains mostly 1 
mm or less, but occasional grains up to 4 mm; 
pleochroic light brown to slightly reddish 
brown; poikilitic with inclusions of plagio­
clase, often penetrating plagioclase. 

1.4 Opaque Generally anhedral grains up to .5 mm; 
mostly associated with mafic minerals, but many 
found as scattered independent grains; sometimes 
poikilitic. 

0.3 Alkali feldspar Anhedral grains up to .3 mm; mostly 
interstitial. 
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0 . 2 Sphene Anhedral grains up to .3 mm; found 

0 . 3 

associated with opaque and with chlorite as 
alteration of biotite. 

Epidote 
chroic 
blende 
found 

Anhedral grains up to .4 mm; plea­
yellow to clear; associated with horn­
and to a lesser extent biotite; also 

replacing plagioclase . 

0 . 6 Chlorite Anhedral grains up to . 3 mm; mostly 
as alteration of biotite along cleavage. 

0.4 White mica Anhedral grains up to . 5 mm, mostly 
as alteration of plagioclase. 

0.2 Apatite Subhedral to euhedral ·grains up to 

tr Zircon 

1.0 Clay? 

.2 mm; commonly associated with opaque and 
other mafics. 

Generally euhedral prisms up to .1 mm . 

Unidentified very fine grained alter­
ation of plagioclase. 
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APPENDIX II 

ELECTRON MICROPROBE ANALYSES OF SELECTED MINERALS 

IN A GRANODIORITE NEAR INDIO, CALIFORNIA 

The following analyses were determined on a MAC-5-SA3 

electron microprobe interfaced to a PDP-8/L computer for 

control and online data processing. Oxide weight percents 

were calculated by the procedure of Bence and Albee (1968), 

using modified correction factors from Albee and Ray (1970). 

The analytical procedure followed is discussed in detail by 

Chodos, Albee, Gancarz, and Laird (1973). For determinations 

of some of the REE, peak and background locations provided 

by Ms. Mary Johnson were used . 

Analyses for plagioclase, alkali feldspar, hornblende, 

biotite, allanite, epidote, and sphene are presented. Core 

and rim compositions of one grain each of allanite and sphene 

give an indication of the range of REE and Th concentrations 

in these two minerals. 

REFERENCES 

Albee, A.L. , and Ray. L., 1970, Correction factors for 
electron probe microanalysis of silicates, oxides , carbon­
ates, phosphates and sulphates : Anal. Chern. 42, 1408-1415. 

Bence, A.E ., and Albee, A.L ., 1968, Empirical correction 
factors for the electron microanalysis of silicates and 
oxides: J. Geol. 76, 382-403. 

Chodos, A.A., Albee, A.L., Gancarz , A . J., and Laird, J., 
1973 , Optimizat i on of computer-controlled quantitative 
analysis of minerals: Proc . 8th Nat. Con£. on Electron 
Probe Analyses, New Orleans, La. 
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MINERAL PLAGIOCLASE ALKALI HORNBLENDE BIOTITE FELDSPAR 

WEIGHT % 

Si0 2 58.95 65.22 42 . 10 36.91 
Ti0 2 0.00 0.03 1. 3 7 2.62 
Al 2o3 25.11 18.50 11. 6 6 15. 35 
FeOt 0. 13 0.05 20.39 20.41 
MnO 0 . 42 0 . 25 
MgO 0.00 0.00 8. 12 10.45 
CaO 8.45 0.00 11. 9 6 0.00 
Na 2o 7 . 1 6 1. 28 1. 56 0 .09 
K20 0 . 26 13.44 1. 55 9. 3 5 
BaO 0 . 00 0.58 
F 0. 12 0. 21 
Cl 0. 13 0.06 

TOTAL 100 . 06 9 9 . 10 99.30 95.60 

FORMULA PROPORTIONS 

II Molecules 4 4 15 7 

Si 2.659 2.996 6.365 2.874 
Ti 0. 15 6 0.154 
Al 1.336 1.002 2.079 1.409 
Fe 0.005 0.002 2.579 1.329 
Mn 0 . 053 0.017 
Mg 1.830 1.213 
Ca 0.409 1. 9 38 
Na 0.627 0. 114 0.457 0.013 
K 0 . 014 0.778 0.299 0.928 
Ba 0.010 
F 0 . 057 0.052 
Cl 0.034 0.008 

Ab 59. 7 12.7 
An 38.9 0.0 
Or 1.4 8 7. 3 
Excess Oxygen(%) 0.0 4.30 
Positive Charge 45.88 22.40 
Al IV 1.635 1 . 1 2 6 
Al VI 0.444 0.282 
Mg/(Mg+Fe) 0.415 0.477 
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MINERAL ALLANITE EPIDOTE SPHENE 

WEIGHT % RIM CORE RIM CORE 

Si 0 2 31 . 34 31 . 3 7 37 . 84 29.92 29 . 82 
Ti02 0 . 35* 0 . 34* 0 . 08 36 . 51* 36 . 48* 
Al

0
o

3 
15 . 10 15 . 18 22.06 1. 62 1. 44 

Fe 12 . 2 9 14 . 36 13 . 02 0 . 98* 0.98* 
MnOt 0.20* 0 . 20* 0. 19 0.17* 0.17* 
MgO 0 . 71 1. 22 0.03 0 . 00 0 . 01 
CaO 13. 2 7 11 . 93 23 . 70 27.81 27.31 
La 2 03 4.65 6 . 10 0 . 00 
Ce 2o

3 
7 . 5 1 10. 15 0.03 0 . 27 0.48 

Nd 2o
3 

1. 82 2. 64 0 . 00 

Dy003 0. 15 0 . 14 
y2 0.04 0 . 02 0 . 00 0.08 0. 16 
Th0 3 3 . 57 1. 64 0 . 00 0 . 02 0 . 05 2 
TOTAL 90 . 83 9 5 . 16 96.94 9 7 . 5 1 97 . 03 

FORMULA PROPORTIONS 

II Molecules 8 8 8 3 3 

Si 3.094 3.002 3.015 0 . 994 0 . 999 
Ti 0.026 0 . 025 0 . 005 0.913 0.919 
Al 1.757 1 . 7 1 3 2.072 0.063 0.057 
Fe 1 . 014 1. 150 0.868 0.027 0.027 
Mn 0 . 016 0.016 0.013 0.005 0 . 005 
Mg 0.104 0 . 17 4 0.003 0 . 000 0.000 
Ca 1 .4 04 1. 2 2 3 2.024 0 . 990 0 . 980 
La 0.169 0 .2 15 
Ce 0. 2 71 0 . 356 0 . 001 0 . 003 0.006 
Nd 0.064 0.090 
Dy 0 . 002 0 . 002 
y 0 . 002 0.001 0.001 0.003 
Th 0 . 078 0 . 035 0.000 0 . 000 

*These values not determined on the same grain. 
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APPENDIX III 

PURITY OF MINERAL SEPARATES 

The purity of the mineral separates were checked by 

visual examination of grain mounts in Lakeside or Aerochlor 

cement. Each mount was point counted, and the results re-

ported below. 

Plagioclase 1440 grains counted; all of these were 
either plagioclase or quartz, but 

40 grains carried small inclu­
sions of apatite 

4 grains had inclusions of horn­
blende or biotite 

2 grains had inclusions of 
hematite (?) 

Determination of the proportion of quartz 
at 27% was by relative intensities of X-ray 
diffraction peaks, calibrated by making 
mixtures of the sample with pure quartz. 
(Note: This material was not analyzed di­
rectly. This material was ground finely 
and acid washed to remove apatite.) 

Alkali feldspar 1091 grains counted; of these 

Fine biotite 

Hornblende 

Apatite 

2130 

2 grains were bimineralic with 
biotite 

1 grain was biotite 
1 grain was quartz 

grains counted; of these 
30 grains were hornblende 

3 grains were a compacted 
gregate 

1 grain was epidote 

ag-

558 grains counted; of these 
1 grain was bimineralic with 

epidote 
1 grain was a fibrous mineral 

(chlorite?) 
several hornblende grains had apatite in­
clusions. 

1014 gr a ins counted; of these 
4 grains were sphene 



Epidote 

Sphene 
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85 zircon inclusions were noted. Since 
apatite was dissolved in dilute HN0 3 , these 
impurities should not have contributed to 
the analysis . 

548 grains counted; of these 
8 grains were bimineralic with 

hornblende 
3 grains were bimineralic with 

biotite 
1 grain was allanite 
1 grain had a small allanite core 

2319 grains counted; of these 
1 grain was a compacted aggregate 

Several dozen of the sphene grains had 
small opaque inclusions. 

Grain mounts for coarse biotite, allanite, and zircon 

were not prepared. The coarse biotite material was not ap-

propriate for making such a mount, the allanite was hand picked 

so purity was assured, and the zircon was used as received 

from L.T. Silver. Petrographic observations indicate that 

the more common inclusion in biotite is apatite. 
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APPENDIX IV 

ANALYTICAL PROCEDURES 

PREPARATION OF STANDARD AND SPIKE SOLUTIONS 

Standard and spike materials for 8 REE were obtained 

in oxide form from Johnson Matthey Chemicals Limited and Oak 

Ridge National Laboratory, respectively. The preparation of 

solutions of accurately known concentrations from REE oxide 

powders by gravimetry is difficult due to the absorption of 

volatiles from air, particularly for several of the light 

REE oxides. Careful work by Masuda et al. (1972) has shown 

that ignition of the oxides can remove nearly if not all of 

the volatiles (mostly H
2
0). In addition, ignition should 

correct any nonstoichiometry in the oxides as received from 

the suppliers. Duval (1963) lists the thermal stability lim-

its of REE compounds as determined by thermogravimetric anal-

ysis. 
0 

Above 820 C, all REE dealt with in this investigation 

are present as sesqueoxides with the exception of Ce, which 

is as the dioxide. 

Each oxide was placed in a nested quartz beaker assem-

0 bly that had previously been baked out to 820 C, to constant 

weight. This assembly was placed in a furnace and heated to 

820°C, held at this temperature for 2 days, cooled to 400°C 

over 5-6 hours in the furnace, then transferred to a ported 

dessicator containing P
2
o

5
. During the initial 10 minutes, 

the dessicator was vented often to relieve excess pressure. 

When fully cool, the dessicator was opened (now under sig-
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nificant vacuum) and the beaker with oxide quickly weighed. 

Nd 2 o
3 

was the only oxide observed to gain weight over the du~ 

ration of the weighing process, so its weight was recorded 

as a function of time and extrapolated to the time of expo-

sure to air. This heating procedure was repeated with heat-

ing periods of 6 hours or more until a constant weight was 

obtained. Nd 2 o
3 

and Sm
2

o
3 

lost the most weight of all the 

oxides, 14% and 13%, respectively. 

less than 0 . 1%. 

The Ceo
2 

standard lost 

All oxides except Ceo
2 

were dissolved in a very small 

amount of concentrated HN0
3 

with heat, theru diluted with lN 

HN0
3

. Ce0 2 resisted several attempts to dissolve it in hot 

concentrated HN0
3

, even when H
2

o
2 

was used as a reducing 

agent. A H
2

so
4

-HBr dissolution procedure was used as de­

scribed by Potts, Early, and Herrmann (1973). This attack 

produces Ce
2

(so
4

)
3

, which is soluble in H
2

0 and dilute acids. 

The solutions were prepared both gravimetrically and 

volumetrically. Precision in gravimetry is better than 0.1%, 

as is the precision of volumetric flasks scribed and cali-

brated in this laboratory. Except for the Ce solutions, the 

density of the solutions are known by measurement and by cal-

culation from the components of the solution. 

within 0.1% in all cases. 

Agreement is 

The resulting solutions were mixed and diluted to form 

working solutions and stored in polypropylene bottles. 

Considering the errors associated with gravimetric and 
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volumetric measurements, stated purity of the oxides, non­

stoichiometry, and various laboratory procedures, calibration 

of the solutions are believed accurate to within ±1%. This 

is supported by a comparison of standard concentrations de­

termined by gravimetric-volumetric techniques and by isotope 

dilution using the prepared spike solutions (Table A). 

LABORATORY PROCEDURES 

Sample Dissolution 

200 to 300 mg of finely powdered sample is weighed out 

in a 30 ml Teflon (TFE) beaker, wetted to eliminate problems 

with static, and spiked. After evaporation to bring the liq-

uid fraction to about 1 ml, 5 ml of concentrated HF is added 

while swirling the contents of the beaker. Digestion is 

allowed to proceed without heating for 6 hours or overnight. 

Roughly 0.5 ml 70% HC10
4 

is added and evaporated to dryness 

at a low heat. The residue is dissolved in a few ml of 2N 

HN0
3 

and allowed to sit for a few hours. This solution is 

centrifuged to separate a small amount of .white residue (a 

Ti compound?). 

Ion Exchange Column Procedure for REE Separation 

A two column technique supplied by Dr. J.G. Arth (per­

sonal communication) with some modification was used for the 

separation of REE. After centrifuging, the supernate is 

pipeted onto a 20 X 1 em column of AG50W-8X 100-200 mesh res­

in equilibrated to 2N HN0
3

, and eluted as follows: 
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5 ml 2N HN0
3 

column wash (discard) 

5 ml 2N HN0
3 

column wash (discard) 

130 ml 2N HN0
3 } most major elements (discard) 

10 ml 6N HN0
3 

25 ml 6N HN0
3 

collect for REE (yield "' 90%) 

This column separates the REE as a group from most of the 

sample. A few drops of 70% HC10
4 

are added to the REE frac-

tion and it is evaporated to dryness. The residue is dis-

solved in a few ml of 3N HCl and loaded on a 19 X 0 .5 em 

column of AG50W-X8 100-200 mesh resin equilibrated to 3N HCl 

and eluted as follows: 

1 ml 3N HCl column wash (discard) 

1 ml 3N HCl column wash (discard) 

9. 5 ml 3N HCl column wash (discar.J) 

9. 5 ml 3N HCl collect heavy REE fraction 

17.5 ml 3N HCl collect light REE fraction 
(rarely run) 

5.0 ml 3N HCl collect Ce fraction 

This procedure does not produce sharp separations among ad-

joining REE, nor is it desired that it do so. The heavy REE 

fraction contains sufficient quantities of the light REE so 

that they may be measured during the same run but not so 

abundant as to interfere with measurement of the heavy REE. 

Therefore, the light REE fraction is rarely run. However, 

when analyzing samples with light REE enriched patterns, it 

is necessary to adjust the cuts on the column to insure against 

excessive light REE in the heavy REE fraction. Typically , 
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the volume of the heavy REE cut is adjusted to 9.0 or 8.5 ml 

and the light REE cut increased accordingly. A few drops of 

70% HC10 4 are added to the fractions and they are evaporated 

to dryness . 

Mass Spectrometry 

All analyses were performed on a 12 inch radius of 

curvature solid source mass spectrometer with magnetic peak 

switching and online data processing. Ion currents were 

collected in a Faraday cup. All the REE were run as metal 

species. No corrections for mass fractionation were made. 

The heavy REE fraction is picked up with dilute HN0
3 

and dried onto the side filaments of a Re triple filament 

(lx30 mil Re ribbon). 0 With the center filament at 2000 C, 

the side filament currents are raised slowly. Typically in 

the range from 1.0 to 2.5 amperes, the elements usually appear 

in the following sequence: Eu-Yb-Dy-Sm-Nd-Er-Gd. Signals 

are stable even when sustaining rapid growth or decline. In 

most cases, signal strength changed only moderately with time 

during the period data collection was appropriate . 

Measured pairs for the isotope dilution calculations 

have been chosen to avoid interferences. It is not possible 

to completely eliminate mass interferences caused by oxide 

species of lighter REE overlying metal species of heavier REE , 

and caution must be exercised during a run to ascertain that 

such interferences are negligible . 

is with 
161

ny and 
157

Gd, which have 

The most serious problem 

mass 145 16 overlaps with Nd 0 
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141 16 
and Pr 0, respectively. In most runs these oxide species 

are present, and run conditions must be adjusted to insure 

that they are insignificant. Center filament temperatures 

0 
of 2000 C cause most of the REE to have metal/oxide ratios 

of 100 or greater. Increasing the filament temperature to 

2050°C or higher results in further suppression of oxides. 

Observations in this laboratory indicate that when the metal 

species of the offending oxide does not exceed the intensity 

of the metal which is to be measured, the temperatures above 

are sufficient to limit interferences to less than 1%. This 

is insignificant for this study if the spike to sample ratio 

is within a commonly achieved favorable range. 

The Ce fraction is loaded, often on the same filament 

used for heavy REE. With the center filament at 1950° to 

2000°C and side filaments at 1.0 to 1.2 amperes, Ce is mea­

sured after ascertaining that 
142

Nd is not contributing to 

142 
the Ce peak. 

The data obtained are usually precise to 0.2% or better, 

and the concentrations calculated are believed to be accurate 

to 2%, considering all sources of error in the chemical pro-

cedure and mass spectrometry. 
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BLANK DETERMINATIONS 

The blank levels for REE during this study have been 

low, and in no rock or mineral analysis is a blank correc-

tion warranted. In the worst cases, the plagioclase deter-

minations, sample/blank ratios always exceed 50; in whole 

rock analyses, values well in excess of 100 are the rule. 

Three blank determinations, two near the beginning of 

this study and one near the end, are presented below. The 

first two determinations suffer from veiy unfavorable spike/ 

blank ratios in the middle to heavy REE, and conservative 

upper limits are given. The comparatively high blank levels 

for Ce and Nd are fairly well determined. The high Ce val-

ues may have resulted from general laboratory contamination 

during the repeated efforts to dissolve the Ceo
2 

standard 

powder; a similar explanation can be offered for Nd. The 

last blank determination was made with more favorable spike/ 

blank ratios, and it indicates lower blank levels for all 

REE. 
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TABLE B 

BLANK DETERMINATIONS IN NANOGRAMS 

11/75 2/76 7/78 

Ce 3.5 4. 7 0 .8 

Nd 4. 5 4.8 0 .5 

Sm 0.25 0 . 04 

Eu 0.1 0.006 

Gd <0.4 <0.3 

Dy < 0. 1 <0.2 0 .05 

Er <0.2 <0. 1 0.05 

Yb <0.04 <0.2 0.05 
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APPENDIX V 

LISTING OF ROCKS ANALYZED BY SAMPLE NUMBER, 

FIELD NUMBER, AND ROCK TYPE 

SamEle Number Field Number Rock T~Ee 

1 SCB-19 TONALITE 

2 SCB-101 TONALITE 

3 SCB-10 LEUCOGRANODIORITE 

4 SCB-801 TONALITE 

5 HEM-12 TONALITE 

6 VLL-13 LEUCOGRANODIORITE 

7 PEC-33 HORNBLENDE GABBRO 

8 SCB-14 PYROXENE GABBRO 

9 SCB-32D QUARTZ GABBRO 

10 SCB-702 LOW-K 20 LEUCOGRANODIORITE 

11 RRM-21 TONALITE 

12 PM0-27 QUARTZ GABBRO 

13 PM0-23 LOW-K 20 GRANODIORITE 

14 SCB-316 TONALITE 

15 SCB-923 TONALITE 

16 IDY-30 CALCIC GABBRO 

1 7 IDY-18 LOW-K 20 GRANODIORITE 

18 SCB-403 GRANODIORITE 

19 SCB-925 GRANODIORITE 

20 VAL-16 LOW-K 20 GRANODIORITE 

21 SCB-803 TONALITE 

22 SCB-313 TONALITE 

23 SCB-300 LEUCOGRANODIORITE 

24 SCB-602 QUARTZ GABBRO 

25 SCB-402 LEUCOGRANODIORITE 

26 SCB-401 TONALITE 

27 Los Pinos 1/Ia HORNBLENDE GABBRO 

28 SCB-932 LOW-K
2

o GRANODIORITE 

29 SCB-606 TONALITE 
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APPENDIX V, Continued 

SamEle Number Field Number Rock T~Ee 

30 BC-I-950 LEUCOGRANODIORITE 

31 BC-I-714 TONALITE 

32 BC-I-410 LOW-KzO GRANODIORITE 

33 BC-I-713 HORNBLENDE GABBRO 

34 BC-I-986 LOW-KzO GRANODIORITE 

35 BC-I-411 TONALITE 

36 BC-I-711 GRANODIORITE 

37 BC-I-969 TONALITE GNEISS 

38 BC-I-968 ADAMELLITE 

39 BC-I-238 LEUCOGRANODIORITE 

40 BC-I-19 TONALITE 

41 BC-I-808 LEUCOGRANODIORITE 

42 BC-I-230 LEUCOCRATIC TONALITE 

43 BC-I-800 LEUCOCRATIC TONALITE 

44 BC-I-852 LEUCOCRATIC TONALITE 

45 BC-I-858 LEUCOCRATIC TONALITE 

46 BC-I-859 LEUCOCRATIC TONALITE 

47 BC-I-900 QUARTZ GABBRO 

48 BC-I-851 LOW-K 20 GRANODIORITE 

49 BC - I-908B PYROXENE GABBRO 

so BC-I-12 TONALITE 

51 BC-I-402 TONALITE 

52 BC-I-505 TONALITE 

53 BC-I-501 TONALITE 

54 BC-I-503 GRANODIORITE 




