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Petrogenetic significance of zoned allanite in garnet amphibolites from a
paleo-subduction zone: Catalina Schist, southern California
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ABSTRACT

Zoned allanite is a minor mineral in highly altered blocks of garnet amphibolite that
occur in a metaultramafic melange matrix in the amphibolite unit of the Catalina Schist,
southern California. Blocks and matrix alike were affected by a high-7,, relatively high-P
hydrothermal event, which locally induced partial melting of blocks and apparently was
accompanied by considerable trace element metasomatism. In blocks that show evidence
for light rare earth element (LREE) enrichment, allanite contains almost all of the LREE
in the rock. Most of such blocks are also migmatitic, but some are not.

Allanite from four LREE-enriched samples that have different whole-rock REE abun-
dances and fractionations was analyzed with the electron microprobe. Three of the samples
are migmatites, and one shows no evidence for partial melting. The analyses were obtained
for empirically defined zones of uniform brightness in backscattered electron images from
the scanning electron microscope (SEM). The zoned allanite displays large ranges of an-
ticorrelated Ca and LREE contents. Variations of these elements and of Al, Cr, Sr, Fe,
Mg, and Mn within zoned grains indicate a fairly continuous nature for many substitutions
of M2+ and M3+ cations in allanite. Allanite exhibits two shapes of LREE patterns in the
same abundance range. Within single grains, some zones display LREE patterns that are
strongly fractionated with respect to adjacent zones. In migmatites, the zones most en-
riched in REE are not grain cores.

The apparent reverse zoning of allanite in migmatites suggests that LREE were added
to the rock volume from an external source during allanite growth. Metamorphic textures
and petrologic considerations indicate that at least some of the growth of allanite in mig-
matites predates the partial melting event. The variations of LREE within grains and
between samples may in part reflect local, time-dependent changes of fluid compositions

in the subduction-related, hydrothermal and metasomatic system the rocks represent.

INTRODUCTION

The zoning of LREE in allanite (Ca,Mn,Ce,La,Y,Th),-
(Fe3+,Fex* Ti)(Al,Fe**),S1,0,,(OH) (Deer et al., 1986) has
been used as a petrogenetic indicator of crystallization in
granitic magmas (Gromet and Silver, 1983; Sawka et al.,
1984; Sawka, 1988). Zoning of REE in allanite has also
provided evidence for REE transport and the scale of REE
mobility in late-stage hydrothermal fluids derived from
such magmas (Exley, 1980). Exley (1980) concluded that
zoned allanite in hydrothermal veins from Skye crystal-
lized from fluids and that LREE may have been trans-
ported for some distance by hydrothermal fluids of me-
teoric origin.

The existence, scale, and nature of hydrothermal re-
gimes in subduction zones bear on the thermal evolution
and geochemical cycles in convergent margins (Anderson
et al,, 1976; Anderson et al., 1978; Delany and Helgeson,
1978; Boulégue et al., 1987; Reck, 1987; Peacock, 1987a,
1987b; Bebout and Barton, 1989). Evidence for the action
of fluids at moderate- to high-P, high-7" conditions in
paleo-subduction zones is found in veined, metasoma-
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tized, and hydrated eclogites and garnet amphibolites of
subduction complexes (Sorensen, 1988; Sorensen and
Grossman, 1989; Philippot and Selverstone, 1989a, 1989b;
Franz et al., 1989).

Isolated blocks of garnet amphibolite that are vari-
ably altered occur in a melange matrix of metaultramafic
rocks in the amphibolite unit of the Catalina Schist, a
subduction complex of southern California. These rocks
were affected by a relatively high-7, moderate- to high-P
hydrothermal-metasomatic event during Cretaceous sub-
duction zone metamorphism (Mattinson, 1986; Sorensen
and Barton, 1987; Sorensen, 1988; Bebout and Barton,
1989; Sorensen and Grossman, 1989). Some garnet am-
phibolite blocks are enriched in a variety of trace elements,
including LREE, with respect to what appear to be less
altered blocks and with respect to probable metabasalt
protoliths (Sorensen and Grossman, 1989; also see below).
Nearly all of the LREE in the former rocks reside in strong-
ly zoned allanite (Sorensen and Grossman, 1989; also see
below).

This paper discusses (1) the zoning patterns, textural
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relationships, mineral chemistry, and LREE compositions
of Catalina allanite and (2) the petrogenetic implications
of these data for the geochemical evolution of the garnet
amphibolite blocks.

METAMORPHISM AND METASOMATISM IN THE
CATALINA AMPHIBOLITE UNIT

The Catalina Schist is a subduction zone metamorphic
terrane of probable Cretaceous age, exposed on Santa Cat-
alina Island off the coast of southern California (Suppe
and Armstrong, 1972; Platt, 1975, 1976; Mattinson, 1986).
The terrane consists of three tectonic units; a structurally
low blueschist-facies unit is overlain in turn by a high-P
greenschist-facies unit and a structurally highest amphi-
bolite-facies unit (Platt, 1975, 1976). The disposition of
these units in an inverted metamorphic gradient and their
similar K-Ar ages led Platt (1975, 1976) and Peacock
(1987a) to conclude that the Catalina Schist represents a
tectonothermal regime characteristic of the initiation of
subduction.

The upper part of the Catalina amphibolite unit consists
of garnet amphibolite blocks in a melange matrix of
metaultramafic rocks. This melange probably represents
slab-derived material accreted to the mantle wedge, or a
portion of the slab-mantle wedge contact of a nascent
paleo-subduction zone, or both (Platt, 1975, 1976). The
complex was altered and hydrated at conditions of P =
8-11 kbar, T' = 640-750 °C (Sorensen and Barton, 1987;
Sorensen, 1988).

Hydration and metasomatic effects include (1) noniso-
chemical amphibolitization of garnet + clinopyroxene-
bearing rocks; (2) the convergence of $'0 values for mafic
and ultramafic rocks to those of waters calculated to be
in equilibrium with metasedimentary rocks; (3) formation
of high-T, silica-enriched (SiO, ~ 50 wt%, MgO ~ 30
wt%), and hydrated metaultramafic rocks (containing or-
thoamphibole, clinoamphibole, or both along with chlo-
rite and talc) in the melange matrix; (4) formation of Si-
and Mg-rich rinds (containing orthoamphibole, clinoam-
phibole, or both and layer silicates) around garnet am-
phibolite blocks via fluid-mediated exchange between
blocks and matrix; (5) trace element enrichment of some
garnet amphibolite blocks (Sorensen and Barton, 1987;
Sorensen, 1988; Bebout and Barton, 1989; Sorensen and
Grossman, 1989). Migmatization of some garnet amphib-
olite blocks was probably a H,O-saturated partial melting
event (Sorensen and Barton, 1987; Sorensen, 1988; Ber-
tasi and Barton, 1989).

In order of increasing alteration from a probable meta-
basalt protolith, common types of garnet amphibolite
blocks are: (I) nonmigmatitic, clinopyroxene-bearing
blocks; (II) nonmigmatitic blocks that are surrounded by
rinds of amphibole + layer silicates; (IIla) migmatitic
blocks; and (IIIb) phengite-veined, nonmigmatitic blocks.
The highly altered blocks (I1Ia, IIIb) contain allanite. Field
descriptions and petrologic and geochemical data for the
first three groups are presented in Sorensen (1988) and
Sorensen and Grossman (1989).
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Some trace element metasomatism of the mafic blocks
evidently occurred without partial melting (Sorensen and
Grossman, 1989). Mass balance calculations based on the
whole-rock major and trace element geochemistry of non-
migmatitic, clinopyroxene-bearing blocks suggest that these
rocks lack an albite component in contrast to midocean
ridge basalts (MORB) (Sorensen, 1988; Sorensen and
Grossman, 1989). Nonmigmatitic, rind-bearing garnet
amphibolite blocks are uniformly enriched in 10-15% of
a peridotite component (including Cr and Ni) compared
to the rindless clinopyroxene-bearing blocks (Sorensen,
1988; Sorensen and Grossman, 1989). Some rind-bearing
blocks are also modestly enriched in Th, Ta, Nb, P, and
LREE. In other metamorphic terranes, amphibole + layer
silicate selvages and rinds between mafic to felsic and
ultramafic rocks are interpreted to form by fluid-mediated
reaction and chemical exchange across contacts (Coleman,
1961, 1967; Curtis and Brown, 1969, 1971; Sanford, 1982;
Moore, 1984). In many cases, trace element values for
phengite-veined, nonmigmatitic garnet amphibolite blocks
(Appendix I, Fig. 1) lie between those of clinopyroxene-
bearing blocks and migmatitic blocks. This trace element
signature and the major element compositions (Appendix
I) of the phengite-veined blocks suggest that they are
somewhat altered from a basaltic protolith.

Sorensen and Grossman (1989) analyzed whole rocks
and mineral separates from a suite of nonmigmatitic, cli-
nopyroxene-bearing blocks and a suite of migmatites and
performed mass balance calculations for a number of trace
elements. They concluded that most of the Th, high field
strength elements (HFSE), and REE in the rocks reside in
the accessory minerals rutile, sphene, garnet, apatite, zir-
con, zoisite, and (in migmatites) allanite. Several min-
erals appear to fractionate elements differently in the two
rock types. For example, Ta is systematically enriched
with respect to Ti in rutile and sphene from migmatites,
compared to counterparts in nonmigmatitic blocks. In
migmatites, both minerals show evidence for an extended
period of crystallization, including a relatively late stage.
For instance, veins of rutile grains, up to 2 cm long and
bearing fluid inclusions, occur in the migmatite block from
which sample MM was obtained; poilikoblastic sphene in
the matrix of this block contains inclusions of garnet and
amphibole. In the nonmigmatitic, clinopyroxene-bearing
blocks, sphene contains most of the U, Th, and LREE in
the rock; in contrast, sphene from sample MM contains
less Th and La than the whole rock from which it was
taken (Sorensen and Grossman, 1989). The average Ce/
Th ratio of migmatites is controlled by allanite (Sorensen
and Grossman, 1989, Fig. 8b), which suggests both of
these elements reside primarily in allanite.

MINERAL ASSEMBLAGES AND WHOLE-ROCK MINOR
AND TRACE ELEMENT GEOCHEMISTRY OF THE
SAMPLES STUDIED

Allanite grains from samples taken from migmatitic
blocks (samples MM, BCM, and 712841) and from a
phengite-veined, nonmigmatitic block (sample 41865)
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Fig. 1. Minor and trace element abundances (A) and REE

abundances (B) of garnet amphibolites. Shaded regions represent
the range of values for clinopyroxene-bearing garnet amphibolites
(relatively less metasomatized) from the mafic and ultramafic
complex of the Catalina amphibolite unit (Sorensen and Gross-
man, 1989). Values for MORB used for normalization are from
Pearce (1982); REE abundances in chondrite are those reported
by Anders and Ebihara (1982). Symbols are: open circles = 712841,
squares = MM, filled stars = 418635, filled triangles = BCM.

were studied. These samples span the range of LREE com-
positions of migmatitic blocks reported by Sorensen and
Grossman (1989). Petrographic and field descriptions of
migmatites are presented in Sorensen (1988) and Sorensen
and Grossman (1989). The migmatite samples studied
here contain garnet + hornblende + (>2 modal%) pla-
gioclase + (>2 modal%) quartz + (minor) zoisite, cli-
nozoisite, allanite, rutile, zircon, and apatite + muscovite
+ (minor) sphene, and chlorite. These samples lack cli-
nopyroxene. Saussuritized plagioclase (An,,_,,) + quartz
+ muscovite locally comprise podiform leucocratic regions
or veins within the samples, or both.

Phengite-veined blocks contain garnet + hornblende +
phengitic muscovite + rutile + apatite + allanite + zircon
+ sphene + chlorite. The crude gneissic foliation of these
rocks is locally crosscut by coarse-grained (0.1 to >1 cm
grain lengths) anastomosing seams (veins) of phengite (Si

591

~ 3.3, Na ~ 0.1 cations per 11 O atoms; Sorensen, 1989).
Phengite grains commonly contain inclusions of garnet,
hornblende, rutile, zircon, and allanite. The veins prob-
ably formed relatively late in the crystallization of the
rock from an alkali-rich fluid at high-7, mode: ate- to high-
P conditions. Conventional K-Ar ages for these phengites
(106.2 + 1.7 m.y.) resemble those for phengitic muscovite
from leucocratic regions in the migmatites (104.4 = 1.7
m.y.; K-Ar data from F. MacDowell, personal commu-
nication, 1987, 1989).

Analyses of the three migmatites studied are reported
in Sorensen and Grossman (1989); the analysis of phen-
gite-veined sample 41865 is reported in Appendix I. De-
tails of the methods (INAA and XRF) by which these
samples were analyzed and a discussion of the major,
minor, and trace element chemistry of migmatites appear
in Sorensen (1988) and Sorensen and Grossman (1989).
Migmatite samples 712841 and MM are enriched in Th,
high field strength elements (HFSE: Zr, Hf, Ti, Ta, and
Nb) and in LREE compared to clinopyroxene-bearing
blocks and MORB (Fig. 1). Samples MM and 712841
display more highly fractionated LREE patterns than sam-
ples 41865 and BCM (Fig. 1B). With the exception of Th,
values for most trace elements in migmatite BCM are
similar to, or only slightly greater than, those of the cli-
nopyroxene-bearing blocks (Fig. 1A). However, the weak-
ly LREE-enriched pattern of sample BCM differs from
those of the LREE-depleted, clinopyroxene-bearing blocks
(Fig. 1B). The phengite-veined sample 41865 is enriched
in Th, Ta, Nb, and Ce compared to clinopyroxene-bearing
blocks; however, values for these elements range between
those for migmatites 712841 and MM and those for mig-
matite BCM (Fig. 1). The minor and trace element geo-
chemistry of sample 41865 (Fig. 1; also, compare Appen-
dix I to migmatite analyses in Table 1 of Sorensen and
Grossman, 1989) resembles that of the migmatites, with
the exception that the sample is relatively alkali-rich (Fig.
1A). Sample 41865, like all phengite-veined samples, lacks
the distinctive leucocratic regions of the migmatites and
shows no other evidence of partial melting.

ANALYTICAL METHODS

Allanite was studied by backscattered electron imaging
with a JEOL 840-A SEM, and analyzed (Table 1) with an
ARL-SEMQ electron microprobe in the Department of
Mineral Sciences, National Museum of Natural History
(NMNH), Smithsonian Institution, Washington, DC.
Backscattered electron imaging reveals complex patterns
of zones of differing average Z within grains (Figs. 2A~
2D). Four to six brightness zones, each with fairly uniform
apparent average Z, were empirically defined for each
sample by visual inspection of gray-level brightness and
by energy dispersive X-ray analysis with the SEM (Figs.
2A-2D; abbreviations for brightness levels are found in
the figure caption). The images were used to locate analysis
points (Figs. 2A-2D). Imaging conditions maximized
contrast between all zones in each sample; brightness lev-
els do not correspond from sample to sample. Within
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Fig. 2. Backscattered electron images (top) and maps of brightness zones (bottom) for samples MM (A), 712841 (B), 41865 (C),
and BCM (D). Circles with dots represent locations of microprobe analyses. Mineral abbreviations are al = allanite, ap = apatite,
pl = plagioclase, qz = quartz, zo = zoisite, zr = zircon. Other abbreviations are b = bright, bg = bright gray, g = gray, dg = dark
gray, vdg = very dark gray. Darker patches in the bright core of 41865 (C, top) display fine-scale oscillatory zoning, which is poorly
imaged at this magnification.

10 um
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Fig. 3. Backscattered electron images of allanite from samples MM (A), BCM (B), 41865 (C, D). Abbreviations are as in Figure
2, with these additions: am = amphibole, gt = garnet, ru = rutile, ocz = region of oscillatory zoning. Grains shown at higher
magnification in other figures are indicated by number-letter combinations.

individual samples, however (with one exception: the bg
and g zones, sample MM, Table 1), the brighter the gray
level, the higher the LREE content of the zone (Table 1).
Within analytical uncertainties, zones of equal brightness
in a single sample were of the same composition. Ac-
cordingly, in all but sample 712841 (in which only one
grain was studied), several zones from different grains
were analyzed, averaged, and reported in Table 1. Al-
though dg zones are not present in the allanite grains from
samples 41865 and BCM that are illustrated in Figures
2C and 2D, such zones are found in nearby grains (Fig.
3). The grains illustrated in Figure 2 are otherwise typical
and representative of the thin section.

The accelerating voltage for the microprobe analyses
was 15 kV, and the sample current was ~0.025 uA. Count-
ing time for each point was 100 s. Standards for La, Ce,
and Nd were pure synthetic phosphates of each element;
the Th standard was an analyzed uraninite specimen
(R11831) from the Roebling Collection (NMNH, Smith-
sonian Institution). Standards for other elements are listed
in Sorensen (1988, Appendix II). Th was near or below

detection limits in these samples; data are reported only
for sample 712841, which displayed a Th peak in wave-
length scans.

The data for LREE were corrected for interelement in-
terferences based on analyses of synthetic REE glasses
(Drake and Weill, 1972). Backgrounds were measured on
minerals comparable in Z to the allanite. Detection limits
and interferences precluded analyses of Sm,0; and Pr,0;;
these elements are estimated by interpolation and extrap-
olation of the neighboring LREE in a chondrite-normal-
ized REE pattern, as noted in Table 1.

Wavelength scans revealed minor amounts of Sr, Cr,
and Mn, which were analyzed adjacent to spots analyzed
for LREE and major elements. Ba, Ti, Y, and Na were
notdetected in wavelength scans. Relative errors are based
on counting statistics for standards and samples; these
errors are ~1.2% for Si, Al, Fe, Mg, and Ca, ~10-20%
for Cr, Mn, and Sr, and ~5-10% for La, Ce, and Nd. The
larger errors are associated with lower abundances of the
minor elements and of LREE.

Formulae were calculated by normalizing to 12.5 O
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Fig. 4. Plane light (A) and backscattered electron images (B)
of a leucocratic region (sample 71849) of a migmatitic block.
Note the faint pleochroism of the allanitic core of the grain in
the center of A, in contrast to colorless zoisite rims on allanite
and overgrowths around apatite. Abbreviations are the same as
in Figure 2.

atoms and 8 cations, which resulted in an estimate of Fe2+/
Fe?* ratios for all but two of the analyses reported in Table
1. Clinozoisite rims and replacement in samples MM and
41865 (vdg and dga; Table 1) were recalculated on the
basis of Fe,, = Fe**. Microprobe Fe values are reported
as FeO.

RESULTS

Optical properties, zoning patterns,
and textural relations

Optical properties. Unlike most allanite (Deer et al.,
1986), the Catalina allanite samples are almost colorless.
In plane light, they exhibit a faint tan to pinkish tan ple-
ochroism compared to colorless rims and overgrowths of
zoisite and clinozoisite (Fig. 4). Grain sizes range from
approximately 10 um to 0.5 mm (Figs. 3, 4). The Catalina
allanite samples display low to upper first-order interfer-
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ence colors. Anomalous interference colors were not ob-
served, but grain extinctions are somewhat mottled. Only
the prominent pleochroic halos in amphibole adjacent to
allanite grains hint that the Catalina allanite samples are
not clinozoisites. These optical properties are similar to
those reported by Sakai et al. (1984) for what they termed
REE-bearing epidote (total LREE to 15 wt% oxides) from
chlorite- to oligoclase-biotite zone pelitic schists of the
Sanbagawa subduction zone metamorphic terrane of cen-
tral Shikoku, Japan.

Zoning. Although the zoning of the Catalina allanite is
complex, in migmatites the LREE-richest composition is
generally not found in grain cores. This apparent reverse
zoning, in which an LREE-rich zone can be seen at grain
margins or between core and rim, is illustrated in Figures
2 and 3. Sakai et al. (1984, their Fig. 5) depicted similar
zoning patterns in the REE-bearing epidotes from the high-
P metasedimentary rocks of the greenschist and amphi-
bolite facies in the Sanbagawa terrane, which they inter-
preted as metamorphic features.

In the phengite-veined sample 41865, the zones with
highest LREE contents are grain cores, and micrometer-
scale oscillatory zoning and sectorlike features are devel-
oped between the compositions with highest contents of
LREE (Figs. 2, 3). Tubular clusters of fluid inclusions, 5-
15 um long, bearing liquid + vapor are restricted to the
cores of allanite from sample 41865. In samples MM and
41865, LREE-rich allanite is rimmed and replaced by
zoisite, clinozoisite, or both (Figs. 2, 3; Table 1: compare
analyses b and vdg, b and dga, respectively). Zoisite or
clinozoisite rims or replacement features were not found
in samples BCM or 712841.

Interpretation of textural relations. The relative timing
of allanite crystallization in each of the four samples is
based on inclusion relationships and other textural inter-
pretations; this is summarized below.

In sample MM, allanite occurs as inclusions in garnet,
amphibole, rutile, apatite, and plagioclase. Allanite in
sample MM contains inclusions of zircon. In some large
garnets in MM, inclusions of allanite occur in garnet growth
zones that also contain inclusions of quartz and fluid in-
clusions 5-15 um in diameter that have negative crystal
shapes and contain liquid + vapor. Some of the quartz
inclusions also contain fluid inclusions, 5-15 um in di-
ameter, bearing liquid + vapor. These relationships sug-
gest that allanite was an early crystallizing mineral in sam-
ple MM and that fluids were present when grains of allanite
and quartz were overgrown by garnet. However, allanite
in MM also seems to have grown after garnet cracked and
appears to have been somewhat corroded; in Figures 2A
and 3A, the edge of a 3-mm garnet grain is cut by veinlets
of the leucocratic assemblage plagioclase + quartz; this
garnet is in contact with allanite, rutile, and saussuritized
plagioclase. In Figure 3A, the large rutile grain contains
inclusions of allanite, garnet, and apatite; the apatite grain
also contains an inclusion of allanite. Allanite inclusions
in apatite, rutile, garnet, and amphibole, as well as allanite
grains in the matrix of melanocratic regions of the thin
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section, lack the clinozoisite rims found where allanite is
in contact with the plagioclase + quartz leucocratic as-
semblage (Figs. 3A, 4A).

In sample 712841, allanite occurs as inclusions in gar-
net, amphibole, and rutile, and contains inclusions of zir-
con. In Figure 2B, an allanite grain from sample 712841
occurs as an inclusion in a large rutile grain; the margin
of the allanite grain that protrudes from the rutile is stud-
ded with two zircon grains. As in MM, allanite appears
to have crystallized earlier than (or along with) garnet,
amphibole, and rutile.

In sample BCM, allanite occurs as inclusions in garnet
and amphibole, and contains inclusions of zircon. Garnet
and amphibole (some with allanite inclusions) are them-
selves found as inclusions in saussuritized plagioclase of
the leucocratic regions. As in the other migmatite samples,
allanite in BCM appears to have crystallized earlier than
(or along with) garnet and amphibole.

In nonmigmatitic sample 418635, allanite occurs as in-
clusions in amphibole, garnet, rutile, and phengite, and
contains both fluid inclusions and inclusions of amphibole
and zircon. The amphibole inclusions (Figs. 3C, 3D) show
pleochroic haloes in plane light. Allanite inclusions found
near the cores of garnets appear to lack the clinozoisite
rims seen in matrix allanite. In this sample, which shows
no evidence for partial melting, allanite appears to be an
early crystallizing mineral which continued to crystallize
along with amphibole.

Mineral chemistry

Catalina allanite displays a large range of Ca and LREE
contents within single grains (Table 1; Fig. 5). The in-
creases of LREE with (Fe>* + Mg) and of (Ca + Sr +
Mn) with (Al + Fe** + Cr), shown in Figure 5, are in
general accord with the charge-coupled replacement of
epidote or clinozoisite by REE: Ca?*(Al,Fe)** = REE**Fe?*
(e.g., Deer et al., 1986; Peacor and Dunn, 1988). The
Catalina allanite samples are Al rich and Fe poor. Al in
the analyses of the Catalina allanite samples with the high-
est REE and Fe contents (Table 1) is greater than Al in
the analyses of allanite reported in Deer et al. (1986), as
well as that in all but three analyses of hydrothermal al-
lanite reported by Exley (1980). Even allowing for the
assumptions and inaccuracies of calculating Fe2*/Fe3*
based on microprobe analyses, the formulae for Catalina
allanite all contain significantly more than two Al cations
per 12.5 O atoms.

Minor amounts of Mg are present in Catalina allanite.
Like Fe?*, Mg?* is an important charge balancing cation
for REE** in these allanite samples; although the maxi-
mum Fe?* contents of the allanite are approximately twice
those of Mg, both increase regularly with LREE contents
(Fig. 6). The role of Mg?* in allanite chemistry was reem-
phasized by Peacor and Dunn (1988), who redefined mag-
nesium orthite, naming it dollaseite-(Ce). Dollaseite-(Ce)
is related to clinozoisite by the coupled substitution CaAl,O
= CeMg,F (Peacor and Dunn, 1988). Wavelength scans
of the Catalina allanite samples did not reveal F. Grew et
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al. (1989) reported a partial analysis of an allanite sample
with MgO > FeO from the eastern Ser Rondane Moun-
tains, Antarctica. The analyses of Catalina allanite further
document a significant Ca**(Al,Fe)** = Mg>*LREE?** ex-
change in allanite, most likely toward the fictive end-
member (CaCe)(MgAl,)Si,O,,OH of Burt (1989).

LREE patterns of allanite zones

Chondrite-normalized LREE patterns of the brightness
zones mapped in Figure 2 are plotted in Figure 7. In
aggregate, the zones display LREE abundances ranging
from approximately 10* to 105 times chondrite values
(Fig. 7). Chondrite-normalized LREE abundances vary by
factors of ~4-7 for samples 712841, MM, and BCM, and
span almost an order of magnitude in sample 41865 (Fig.
7). Catalina allanite samples exhibit two general shapes
of LREE patterns, straight and kinked (Fig. 7). Most zones
from samples MM and 712841 have straight LREE pat-
terns that decrease smoothly from La to Nd. In contrast,
the zones from samples BCM and 41865 have kinked
LREE patterns (Figs. 7C, 7D). The b zone of sample 712841
and the b and bg zones of sample 41865 differ in their
LREE fractionation with respect to adjacent zones (Figs.
7A, 70).

DiscussioN

Evidence for hydrothermal allanite in the
Catalina garnet amphibolites

In the Catalina amphibolite unit, allanite is found in
metasomatized migmatitic and nonmigmatitic garnet am-
phibolite blocks. Allanite evidently crystallized prior to
or along with garnet, amphibole, and rutile. Allanite grains
in contact with saussuritized plagioclase in the leucocratic
regions of migmatites display rims of clinozoisite or zois-
ite; those in melanocratic regions lack such rims. In the
nonmigmatitic block 41865, allanite grains in the matrix
display rims or replacement by clinozoisite or zoisite,
whereas allanite grains that occur as inclusions in garnet
generally do not.

Ifallanite crystallized prior to and along with amphibole
and garnet, the mineral chemistry of the former two min-
erals and P-T estimates for the rocks suggest that allanite
is probably not of igneous origin. In the migmatite sam-
ples, the compositions of garnet cores and rims fall within
the range: almandine,, ;s grossular,s_;; Pyrope._g
spessartine,, ,; (Sorensen, 1988). Amphiboles from mig-
matites are ferroan pargasite, ferroan pargasitic horn-
blende, and edenitic hornblende (Sorensen, 1988). The
cores of garnets from migmatites have virtually identical
compositions to counterparts in nonmigmatitic, less
metasomatized, clinopyroxene-bearing blocks. The P-T
conditions for metamorphism and migmatization of the
unit (7= 640-750 °C, P = 8-11 kbar) are not compatible
with crystallization of garnet and hornblende of these
compositions from a melt. Allanite and garnet both con-
tain fluid inclusions containing liquid + vapor. The fluid
inclusions in garnet homogenize in the 7 range 136-169
°C; ice melts in the 7 range —2.0 to —0.7 °C, indicating
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Fig. 5. Coupled substitutions in allanite. (A) M3+ vs. (Ca + Sr + Mn); (B) LREE vs. (Mg + Fe?*). Symbols as in Figure 1. The
1:1 line in A indicates components of chromian, strontian, or manganoan epidote, zoisite, or clinozoisite; the 1:1 line in B represents

an allanite component.

a low-salinity aqueous fluid (Sorensen and Barton, 1987).
As is inferred for garnet and amphibole, the zoned allanite
probably formed in a subsolidus fluid-rock regime, al-
though some reequilibration of all of these minerals may
have occurred during migmatization. Allanites and REE-
rich epidote samples that are very similar in composition
to Catalina allanite have been described from hydrother-
mally altered basalts (Exley, 1980) and from high P-T
metasedimentary rocks (Sakai et al., 1984). In both of
these cases, origin of the allanite or REE-rich epidote was
ascribed to local subsolidus hydrothermal remobilization
of LREE.

Cr, Sr, and Mn in Catalina allanite

Allanite from sample 41865 contains more Cr, Sr, and
Mn than counterparts from migmatites (Table 1). The
Cr,0, contents of allanite from sample 41865, while con-
siderably less than those of allanite from Outokumpu,
Finland (Treloar and Charnley, 1987) are stoichiometri-
cally significant (Table 1). Treloar and Charnley (1987)
concluded that the chromian allanite in the metasedi-
mentary rocks of Outokumpu reflected whole-rock en-
richment of the protolith with Cr that was derived from
a ultramafic and volcanic substrate.

The Cr,0, contents of the allanite in 41865 increase
with LREE (Table 1). Whole-rock sample 41865 is en-
riched in Cr compared to MORB, the clinopyroxene-bear-
ing blocks, and the migmatites (Fig. 1). Although this
block does not display a rind, its whole rock values for
Cr and Ni resemble those of rind-bearing blocks and inner
rinds reported by Sorensen and Grossman (1989). Like
the rind-bearing blocks (Sorensen, 1988), this phengite-

veined block may have been contaminated by a compo-
nent derived from metaultramafic rocks. If so, this meta-
somatism probably occurred while allanite was growing.

In allanite from migmatites, the zones richest in LREE
are generally of lower Sr content (0.06-0.09 wt% SrO, b
zones, Table 1) than zones slightly less rich in LREE (0.20-
0.37 wt% SrO, bg zones, Table 1). In contrast, in sample
41865, the LREE-richest zone also contains the most Sr;
all of the LREE-rich zones of allanite in this sample con-
tain > 1 wt% SrO (Table 1). The b and bg zones of sample
41865 contain amounts of LREE comparable to the bg
zone of sample 712841 and b zone of sample MM (Table
1). The former two zones contain 1.8 and 1.1 wt% SrO,
respectively; the latter two contain 0.21 and 0.37 wt%
SrO, respectively. The Sr contents of the Catalina allanite
are probably not controlled by crystal-chemical effects
related to LREE substitution. The presence of Sr-bearing
(800-2000 ug/g; Sorensen and Grossman, 1989) plagio-
clase in the migmatites suggests that Sr enrichment is not
likely to reflect the breakdown of an earlier Sr-rich min-
eral. Perhaps the Sr component in allanite was ultimately
derived from metasomatic fluids that reacted with the
Catalina garnet amphibolites. Brastad (1985) described
extreme Sr enrichment in Ca-rich minerals (including ep-
idote group minerals) in a metaeclogite from Norway, and
attributed the enrichment to metasomatic introduction of
Sr during amphibolitization.

In migmatites, the Mn content of allanite is low, and
Mn is assumed to be Mn?*. In the b and bg zones of sample
41865 (Table 1), reasonable cation proportions result from
calculations that assume Mn2* substitutes for Ca; poor
formulae result from assuming that Mn,,, = Mn3+,
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Possible origins of LREE zoning

Strong zoning of LREE is well documented for allanite
from granitic rocks and for allanite formed in the hydro-
thermal systems generated by emplacement of granitic
plutons (Exley, 1980; Gromet and Silver, 1983; Sawka et
al., 1984). These studies report allanite cores that are richer
in LREE than allanite rims. The authors attribute this
normal zoning to crystallization of allanite from an evolv-
ing melt or late-stage fluid composition that is progres-
sively depleted in LREE by, for example, decrease in bulk
REE contents of the melt or changes in melt structure and
thus partition coefficients. Such closed system models can-
not easily account for the reverse zoning of allanite from
the Catalina migmatites, which seems to indicate that
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Fig. 7. LREE patterns of brightness zones in allanite samples

from 712841 (A), MM (B), 41865 (C), and BCM (D). Normal-
ization values for chondrite are from Anders and Ebihara (1982).
Relative errors, based on counting statistics for REE standards
(synthetic REE phosphates and the REE glasses of Drake and
Weill, 1972) are ~5-10%. The larger errors are for abundances
of LREE < ~2 wt%. Abbreviations are as in Figure 2, with the
addition mg = medium gray (a gray level between g and dg, seen
in some grains of sample MM). Symbols are circles = bright
zones, circles with dots = bright gray zones, squares with crosses
= gray zones, asterisks = medium gray zones, and dg = dark gray
zones.

LREE were added to the rock volume as the mineral grew.

The fine-scale oscillatory zoning observed in sample
41865 (Fig. 3) is beyond the limit of spatial resolution for
microprobe analysis. Scanning electron microscopy and
energy-dispersive analysis suggest that the oscillatory zon-
ing represents alternating LREE-richer and LREE-poorer
compositions. Gromet and Silver (1983) observed sharp
euhedral oscillatory-zoned bands in a few allanite grains
in a granodiorite from the northeastern margin of the
Peninsular Ranges of southern California, which they in-
terpreted as evidence for origin by growth from a melt.
The lack of evidence for partial melting of sample 41865
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and the oscillatory zoning of its allanite suggests that sub-
solidus growth of allanite may also produce oscillatory
zoning,

The textures and LREE zoning of the Catalina allanite
suggest that the overall process of trace element enrich-
ment changed with time. The distributions of LREE with-
1in allanite from samples BCM, MM, and 712841 indicate
that the LREE-richest compositions did not form during
the earliest stages of allanite crystallization (Figs. 2, 3;
Table 1). The partial replacement of b cores of grains in
sample 41865 with less LREE-rich compositions suggests
that allanite (Figs. 2, 3; Table 1) was destabilized and
partially dissolved in a regime that was still capable of
saturating allanite. Late-stage zoisite or clinozoisite, or
both, formed as rims on and replacement of LREE-rich
compositions in two of the four samples studied. These
textures indicate that allanite was a highly reactive min-
eral. Because the bulk composition of allanite controls
that of individual blocks (compare Figs. 1 and 7), the large
differences in the LREE compositions of enriched blocks
suggest that there were local, time-dependent heteroge-
neities or variations, or both, in the geochemical enrich-
ment process that affected the garnet amphibolites.

Allanite from nonmigmatitic block 41865 has signifi-
cant amounts of Sr and Cr, and displays normal zoning
of LREE. Metamorphic textures indicate that allanite
crystallized prior to formation of phengite veins in the
block. The composition of the phengite and the whole-
rock chemistry of sample 41865 suggest that the veining
event reflects high-P, moderate- to high-7 alkali meta-
somatism. If, as seems likely, the allanite is a metasomatic
mineral, the fluids from which it crystallized, or with which
it equilibrated, may have carried a Cr-rich component
derived from the metamorphosed ultramafic matrix of
the block, as well as a Sr + LREE component. If the latter
component is of exotic origin, then this rock was first
altered by exchange with metaultramafic rocks and a fluid
enriched in Sr + LREE that produced the zoned allanite
and was subsequently metasomatized by alkali-rich fluids
that deposited phengite in veins.

The decoupling of Sr and LREE enrichment and the
reverse zoning of allanites in migmatites suggest that the
processes that affected sample 41865 differed from those
that enriched the migmatites. If, for example, the infiltra-
tion of an Sr + LREE-rich fluid initiated melting, the
reverse zoning and lack of Sr enrichment of the allanite
from migmatites might reflect cocrystallization of the REE-
rich zones of allanite and plagioclase in an open system
melting process. Sorensen and Grossman (1989) found
that apatite and sphene from migmatite sample MM were
depleted in LREE and enriched in middle REE compared
to counterparts from nonmigmatitic blocks. Perhaps al-
lanite, apatite, sphene, and plagioclase all equilibrated with
each other in the presence of a fluid or melt.

By analogy with the interpretations of changes in REE
patterns in zoned igneous allanite, it seems possible that
the LREE zoning and the different shaped LREE patterns
of the Catalina allanite reflect time-dependent changes in
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the bulk LREE contents and fractionations of the meta-
somatic agent(s) between different samples. These changes
could represent more than one source for introduced LREE
(e.g., fluids derived from subducted sediment vs. fluids
derived from the subducted slab), different media of LREE
transport (fluids vs. melts), or compositional evolution of
fluid or melt along reactive flow paths. Whether LREE
were deposited from fluids or melts, the diameters of blocks
and the size of the complex as a whole indicate that the
metasomatic agent(s) had heterogeneous effects on a scale
of several meters to kilometers.

On a much finer scale (and for more elements), similar
conclusions were reached by Philippot and Selverstone
(1989a, 1989b). These authors explained a diverse suite
of Ba-, K-, HFSE-, and LREE-bearing daughter minerals
in fluid inclusions in veins of omphacite from eclogites
in the western Alps to reflect millimeter-scale composi-
tional heterogeneities in metamorphic fluids. A somewhat
similar conclusion was reached by Sakai et al. (1984) in
their study of REE-bearing epidote from pelitic schists of
the high P-T Sanbagawa metamorphic terrane of Japan.
Citing the strong preferred orientation of REE-bearing
epidote, an increase in this mineral’s average grain size
with metamorphic grade, and an increase in the volume
of REE-rich overgrowths upon REE-poor or REE-free
epidote with metamorphic grade, these authors concluded
that reverse zoned REE-bearing epidote in the Sanbagawa
pelitic schists was of metamorphic origin. Sakai et al.
(1984) also found orange to brown, Fe-rich, Ca-poor al-
lanite rimmed by REE-bearing and REE-free epidote in
the Sanbagawa pelitic schists. Based on the constant grain
size of the allanite in both low- and high-grade rocks, its
irregular, anhedral shape, and its chemical composition,
the allanite was interpreted to be of detrital origin (Sakai
et al., 1984). These authors suggested that the REE-bear-
ing epidote was deposited from fluids that had partially
dissolved detrital allanite and locally redeposited a less
REE-rich epidote. The process was thought to have ceased
once rims of REE-bearing or REE-free epidote armored
the detrital allanite grains.

This study, the work of Philippot and Selverstone (1989a,
1989b), and the results of Sakai et al. (1984) suggest that
the element transport properties of fluids in subduction
zone metamorphic environments, although considerable,
may be heterogeneous on a scale of millimeters to kilo-
meters. As was pointed out by Franz et al. (1989), the
length scales of fluid-rock interaction in high P-T terranes
must be better under