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ABSTRACT

Rare Earth Element (REE) patterns of plutonic rocks
across the Peninsular Ranges batholith vary systematically
west to east, transverse to 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.
Gr;nodioritic rocks of the central and eastern regions may

have positive, negative, or no Eu anomalies.



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 87Sr/868r 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 6180 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

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

s 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. However, the source 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—KZO 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



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 proximity
to and follow the trend of known or inferred continental
margins or plate boundaries., They are often paralleled by
oceanward 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 accumulations of near coeval
greywacke-~turbidite deposits composed of 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
between rigid lithospheric plates are identified in ocean

basins and at continental margins as active elongate vol-



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 moderm 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



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 of 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 K20 relative to 8102
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,



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 K20 increases
absolutely and relative to SiO2 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 Weiday, 1974) .,

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
process? 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?



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
thesis. 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.,



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 been rifted from continental North America. Translation
to the northwest along the Gulf of Califormnia-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 California 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 1limit 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 (Larsemn, 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
Peninsular 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—K20 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
relations 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 A1203 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 reported by Silver
et al. (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)
reported a strong geographic variation in initial 87Sr/86Sr,
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 gabbros which are slightly less
radiogenic than adjacent plutons. Sr concentrations also
show a well defined increase to the east, largely indepen-

dent of lithology. Recently, Taylor and Silver (1978) re-
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8 86 ;
FIGURE 2. Isopleths of constant initial 7Sr/ 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.



17




18

ported regional variations in whole rock 6180, 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_O (Larsen, 1948; Silver et

2
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 adamellite 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
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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 in which the
sediments of the Cordilleran geosyncline were deposited
during the Late Precambrian and Paleozoic 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 (Hamilton, 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 several 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 continmental 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 arc.

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). 1In 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 moderm 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 1is 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 may 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. Tem-
perature, pressure, and composition affect partitioniﬁg 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

2+

which can exist partly as Ce4+ and Eu”™ . With increasing

atomic number, the 4f electron energy level is progressively
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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
number. Eu2+ is about 15% larger in dionic radius than Eu3+,
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 ca2+ 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. 1In order to sim-

plify the complexity of graphical displays, several workers
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FIGURE 4. 1Ionic 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. 1In
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 Daté 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



34
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
(DC < 1) and have fairly flat patterns. Plagioclase feld-
spars (Fig. 8a) 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 SiO4 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 &acites. Sources: Schnetzler
and Philpotts, 1970; Nagasawa -and Schnetzler, 1971.
b) Selected distribution coefficients for hormnblende
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.



40

= “""]'I’;I'T“T""l. T T Ty TT1 1771 777 1g ™ 7 'I Ty g 177

|

ASALT

/ \ = Ly
. =

= .\.\ ® "9‘ [}
m

\ /ACI*E
| ] /.
/8

—_—
HORNBLENDE |
BASALT AND ANDESITE

N\, N\ g3 ) ]
e . |
| \..’

\

” o

J.NBIDI;HBOO NOU.ﬂQIHl sIa

FT"I—TT'I’ s B o T T e} 1TTITY T T LA T S e R “q
w
=

- D
=W

~ b o 2

/ /‘ ¥
W
0D
o =
o <
| =
= ® ® a
S 4
/ : Eg
o |
/ \og

o I I |
o ©

IN3I2149309 NOILNGINLSIA |

Er Yb

Sm Eu Gd [jy

Nd

Oy Er Yd Ce

Sm Eu Gd

Nd

01t
OCe



41

8 i 1 B S M s [TTT1 T g T gl g [TTT I 17T~ 7T ~~]a
L // /
= S o o ° S
<<
Q
" // /
= -
— 2 ® O [%] —1Aa
g [ | |
< | / ’
3 | I ’\ 13
~
~
. e o ° 45
A \ \ \ -
\\ \
O I | ] 1 Jllqu J.l I. [Jlllll 1 1 _8
o o o Y] N -~
o o o
S__) ("o} N
.LNBK)L-HJOO NOI.LHBIH.LSIG
0 0 e (G JARR A J;'r"'l—”"‘“ [T‘!1T.T—1. 1ol TR
-~ -
7]
< W
= 0 e
L WD Yidamen e 15
< o
O =
S <<
= s
2 Z:J >
el - » e (=]
“ g
m
......... o
= 10
'—-’-———-——’ =
o =S N
......... g
L -1
=l
L 4=
gHs : @
a5 5 6T T N 1111111 LIS ] Jo
=] i S S

J.NEIOI:HBOD NOHOHIH.LSIG



42
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 M1 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. Only Eu2+ appears
readily accepted into the feldspar structure. Feldspar might
be incapable of providing coupled substitutions allowing the
charge balance of 3+ cations for Ca2+, 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. 1In general, the observed values in-
crease with increasing SiO2 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 SiOz—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). 1In mafic melts the low degree of polymerization
of Si0, tetrahedra makes available nonbridging oxygens to

3

coordinate divalent and trivalent cations such as Ca and the
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REE in the melt. With increasing SiO2 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 gemneral 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-

nificant proportion of the total Eu in a magma is present as
2+ : -

Eu® , anomalous behavior for Eu is to be expected in many

phases. This reflects both the difference in charge between

3+
Eu2+ and the rest of the trivalent REE (including Eu~ ), and
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2+ 3+
the larger size of Eu compared to Eu” . 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-
criminate against Eu2+, and those which prefer the larger,
. . 2+ 3+ .

lighter REE will accept Eu over Eu” . 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 0, (which

2
affects Eu2+—Eu3+ 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 garmnet 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 at 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 are 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 abundances 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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dence 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
crust (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.,

1871}«
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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 §i0,-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 com
posites of intermediate rocks and granites grouped by SiO2
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).



[ T TIT T I"'—_"ST o1 1@ T 7T 77
L) I l I

= e o0 m

?)Z (7Y}

o 2 x

== m

=3 “<3 ® o "

o = o

~—
~—
~——

Er Yb

Sm Eu Gd Dy

Nd

Nd Sm Eu Gd Dy Er Yb Ce

Ce

11 P11 1@ ] Bl 1 ] .
Q o o (o] o) N b
S_) o N .=
JLIYONOHI /7 X204
7T T T T T 7 T o /.H'IJIIT']" T =
N Y
I M i
Z o
2O
G 6 = =2 o4 ®
S O
O==Eo év
D < <- @ =]
Lo o<
36 o l
e 4 |
4qo0e0m M
@ O._4d —
//“%/(. —
o/o /- —
A7
471111 P 1@ | =® N 1 -
(@) (@] (&) o w N ot

o '

1LIHAONOHD /X204



59
Eu anomalies increasing with SiO2 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 patterms (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 (Buma, Frey, and Wones, 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 scuth 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. 1In 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 hormblende 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 with

35-40°
rims usually no less than An30. 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 graimed 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
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 commoen, 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 Sphene, epidote, apatite,

40°
allanite, and zircon are all significant accessories. Note,
however, 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). 1In
nearly all observed instances allanite (Fig. 14d) and larger
sphene grains (Fig. l4c) 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. 1l4c) 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 greafer than lO5
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 elemenﬁs, 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 the separates are presented in Appendix III.
Most are better than 997 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. Hormnblende
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 REE 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
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