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Abstract We provide data on the geochemical and iso-
topic consequences of nonmodal partial melting of a
thick Jurassic pelite unit at mid-crustal levels that pro-
duced a migmatite complex in conjunction with the
intrusion of part of the southern Sierra Nevada batho-
lith at ca. 100 Ma. Field relations suggest that this pelitic
migmatite formed and then abruptly solidified prior to
substantial mobilization and escape of its melt products.
Hence, this area yields insights into potential mid-crustal
level contributions of crustal components into Cordil-
leran-type batholiths. Major and trace-element analyses
in addition to field and petrographic data demonstrate
that leucosomes are products of partial melting of the
pelitic protolith host. Compared with the metapelites,
leucosomes have higher Sr and lower Sm concentrations
and lower Rb/Sr ratios. The initial ¥’Sr/*®Sr ratios of
leucosomes range from 0.7124 to 0.7247, similar to those
of the metapelite protoliths (0.7125-0.7221). However,
the leucosomes have a much wider range of initial eng
values, which range from —6.0 to —11.0, as compared to
—8.7 to —11.3 for the metapelites. Sr and Nd isotopic
compositions of the leucosomes, migmatites, and
metapelites suggest disequilibrium partial melting of the
metapelite protolith. Based on their Sr, Nd, and other
trace-element characteristics, two groups of leucosomes
have been identified. Group A leucosomes have rela-
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tively high Rb, Pb, Ba, and K,O contents, Rb/Sr ratios
(0.15<Rb/Sr<1.0), and initial eng values . Group B
leucosomes have relatively low Rb, Pb, Ba, and K,O
contents, Rb/Sr ratios (<0.15), and initial eng values.
The low Rb concentrations and Rb/Sr ratios of the
group B leucosomes together suggest that partial melting
was dominated by water-saturated or H,O-fluxed melt-
ing of quartz + feldspar assemblage with minor
involvement of muscovite. Breakdown of quartz and
plagioclase with minor contributions from muscovite
resulted in low Rb/Sr ratios characterizing both group A
and group B leucosomes. In contrast, group A leuco-
somes have greater contributions from K-feldspar,
which is suggested by: (1) their relatively high K con-
centrations, (2) positive or slightly negative Eu anoma-
lies, and (3) correlation of their Pb and Ba
concentrations with K,O contents. It is also shown that
accessory minerals have played a critical role in regu-
lating the partitioning of key trace elements such as Sm,
Nd, Nb, and V between melt products and residues
during migmatization. The various degrees of parent/
daughter fractionations in the Rb—Sr and Sm—Nd iso-
topic systems as a consequence of nonmodal crustal
anatexis would render melt products with distinct iso-
topic signatures, which could profoundly influence the
products of subsequent mixing events. This is not only
important for geochemical patterns of intracrustal dif-
ferentiation, but also a potentially important process in
generating crustal-scale as well as individual pluton-
scale isotopic heterogeneities.

Introduction

The origin of geochemical and isotopic heterogeneities
of large granitic batholiths is a fundamental question
with regard to granitoid petrogenesis and the evolution
of the continental crust (Fyfe 1973; Miller et al. 1988;
Sawyer 1998). Heterogeneity in the initial radiogenic
isotopic compositions of granitic plutons is commonly



attributed to heterogeneities inherited from source re-
gimes and preserved due to incomplete mixing of the
derivative magma. However, contamination of granitic
magmas by assimilation of anatectic melts of wallrocks
during ascent could also profoundly affect the geo-
chemical and isotopic character of the final products.
The role of crustal anatexis at various crustal levels in
generating geochemical and isotopic heterogeneities is
poorly understood. Thus, characterization of the geo-
chemical and isotopic nature of anatectic melts in high-
grade metamorphic terrains would help to better
understand the sources of such heterogeneity and their
potential magnitude.

Recent experimental and field observations have
shown that partial melting at crustal levels is commonly
nonmodal (Vielzeuf and Holloway 1988; Le Breton and
Thompson 1988; Rushmer 1991; Puziewicz and Johan-
nes 1990; Inger and Harris 1993; Dardien et al. 1995;
Harris et al. 1995) and produces melts with isotopic
compositions that are in disequilibrium with respect to
their sources (Tomomasini and Davies 1997; Knesel and
Davidson 2002). Disequilibrium melting refers to any
melting event where the liquid phase was not in chemical
or isotopic equilibrium with the residue prior to melt
extraction. Nonmodal melting is the melting process
where the proportion of reactant phases in the source is
different from their proportions entering the melt.
Crustal anatexis in response to thermal or chemical
perturbations is complex, depending on the temperature
and pressure conditions, mineral compositions, and
water contents. Following a given temperature trajec-
tory and for mica-bearing metasedimentary rocks,
melting of quartz and feldspar assemblages is favored by
the presence of excessive water and starts at a signifi-
cantly lower temperature. In contrast, muscovite or
biotite dehydration melting reactions occur at a much
higher temperature (e.g., Patifio-Douce and Harris
1998). In contrast to muscovite dehydration melting,
biotite dehydration melting is more complex because it is
continuous over a wide range of temperatures. The
temperature at which this reaction occurs depends on
the composition of biotite (Mg/Fe ratio, Ti and F con-
centration) and the bulk Al content of source rocks (Le
Breton and Thompson 1988; Vielzeuf and Montel 1994;
Patino-Douce and Beard 1996; Stevens et al. 1997;
Nabelek and Bartlett 2000).

In this paper, we report the results of a detailed field
and geochemical study of a well-developed migmatite
zone in the Isabella pendant of the southern Sierra Ne-
vada batholith in California. This migmatite zone is of
particular interest because it represents a single prograde
metamorphic sequence from greenshist facies metasedi-
ments to migmatites that lie in direct contact with the ca.
100 Ma Goat Ranch granodiorite pluton of the com-
posite batholith. Field relations suggest that this pelitic
migmatite zone formed and then abruptly solidified prior
to substantial mobilization and escape of its melting
products. Hence, this area yields important insights into
potential mid-crustal level contributions of crustal com-

ponents into Cordilleran-type batholiths. In this paper,
we intend to address (1) the geochemical nature of the
melting products from the metapelite, (2) the magnitude
of isotopic heterogeneity produced by such crustal
anatexis, (3) elemental and isotopic fractionations asso-
ciated with the formation of the migmatites, and (4)
implications for the intracrustal differentiation and iso-
topic heterogeneities within Cordilleran-type batholiths.
The nomenclature used in this paper follows that of
Johannes (1988). Leucosome is the leucogranitic portion
formed during migmatization, and the melanosome is the
mafic-rich selvage between the leucosome and meso-
some. Mesosome has intermediate color between the
leucosome and melanosome in a migmatite and differ-
entiates into leucosome and melanosome during mig-
matization. The rock undergoing migmatization is called
the parent rock, which in the nonmigmatitic far field is
also referred to as the protolith.

Geologic setting

Metamorphic rocks of the Isabella pendant consist of a
stratified sequence of pelitic and psammitic schist and
gneiss, quartzite, marble, and calc-silicate rock. This
sequence of stratified rocks constitutes one of the best
preserved sections through the early Mesozoic Kings
sequence, which constitutes a distinct family of pendants
that runs for over 250 km along the axis of the southern
Sierra Nevada batholith (Saleeby and Bushy 1993). The
entire pendant reached amphibolite facies conditions
during emplacement of and engulfment by the late
Cretaceous plutons. U/Pb zircon ages indicate the
emplacement of these plutons in the 100+2 Ma time
interval (Saleeby and Zeng 2005).

A geologic map of the area that was studied in detail
within the Isabella pendant is shown in Fig. 1. The
structure is characterized by a steeply SE-plunging iso-
clinal anticline with pelite units situated in core and
envelope positions of the fold. Metamorphic fabrics
associated with the fold are L-S with the linear element
parallel to steeply plunging fold axes. Finite strain
studies on deformed pebble conglomerate in the
quartzite unit indicate a stretch factor up to ~1,000%
along the steep lineations. Homoaxial deformation in
satellite dikes from the Goat Ranch intrusion and leu-
cosomes of the migmatitic pelite, as well as peak meta-
morphic textures, indicate that the isoclinal folding and
L-S fabric development occurred during pluton
emplacement.

The upper pelite unit (J-pelite), which envelopes the
large fold and is in contact with the Goat Ranch intru-
sion, has an apparent stratigraphic thickness in excess of
I km. Remnants of primary structures in the lowest
metamorphic grade areas suggest a protolith of thin
bedded compositionally immature turbidite. The proto-
lith was remarkably homogenous in lithologic compo-
sition and in primary structure. Except for subordinate
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psammitic layers, the notable lithologic variation
through the entire unit results from a metamorphic
gradient, which roughly extends normal to the axial
surface of the large fold and into the proximal contact
zone with the Goat Ranch intrusion. Based on the
mineral assemblages, we can define metamorphic zones
with proximity to the Goat Ranch granodiorite. The
zones (Fig. 1) consist of: (1) distal muscovite-bearing
biotite—andalusite schist (about 5% muscovite), (2)
biotite—andalusite co-existing with sillimanite—micro-
cline schist with incipient granitic leucosomes, (3) bio-
tite—sillimanite—microcline schist with local granitic
leucosomes, and (4) sillimanite—microcline schist with
significant or extensive leucosomes.

High-grade pelites and migmatites

Migmatitic metamorphic zones occur at several localities
that are in close proximity to batholithic contacts within
the Kings Sequence pelites of the Lake Isabella region.
The migmatite zone shown in Fig. 1 is the most exten-

sive of these and can be related to a very well-defined
metamorphic gradient through the upper pelite unit (J-
pelite). This pelite unit has a relatively uniform and
stratigraphically thick protolith sequence, and its tran-
sition from its migmatite zone into the xenolithic mar-
ginal phase of the Goat Ranch intrusion is well exposed.
This area was originally studied by Best and Weiss
(1964) who designated the rocks as *hornfelses®, there-
fore envisioning metamorphism and migmatization as
pluton emplacement-related. Except for granoblastic
textures in the migmatite leucosomes, the metamorphic
textures are penetratively schistose and/or gneissose and
reflect a high degree of plastic strain during plutonism
and metamorphism (Saleeby and Busby 1993). Swarms
of felsic dikes that are distinct from the migmatitic leu-
cosomes cut each stratigraphic unit of the pendant, and
exhibit high ductile strain features that are co-axial with
the isoclinal folding event and developed during their
intrusion. These dikes also yield U/Pb zircon ages in the
100+2 Ma range (Saleeby and Zeng 2005), which along
with the meso- and map-scale relations between
the migmatite and Goat Ranch pluton indicate that



migmatization and high-magnitude strain resulted from
batholith emplacement. The leucosomes that developed
during migmatization can be morphologically divided
into: (1) concordant (stromatitic) and pervasive network
leucosomes (Fig. 2a and b), (2) discordant dikes and
pockets of pegmatites and aplites (Fig. 2d), and (3) ag-
matitic and randomly distributed leucosome patches of
various sizes, which appear to represent the gathering of
quartzo-feldspathic segregations into larger, granitic-, or
pegmatitic tubes and dikes. There are also very finely
laminated migmatites, which have stromatitic or perva-
sive network structures such as those shown in Fig. 2a.
Such finely laminated migmatitic textures and structures
pervade much of the matrix of the migmatite complex
including the residue-rich domains from which larger-
scale leucosomes have segregated. Finely laminated mi-
gmatites occur in two field settings: (1) large (10’s m?)
domains with no apparent segregation of thickened
(=cm-scale) leucosomes; and (2) domains where such
thickened leucosomes lie within a host of the finely
laminated migmatites. True melanosomes, or pure resi-
due layers, are restricted to sub-millimeter-scale lamina
of predominantly biotite with subordinate sillimanite,
felsic minerals, opaque minerals, and rare garnet. The
extremely fine scale with typical one to two mineral grain
thicknesses prohibits the pure separation and analysis of
such melanosomes. We will return to this problem
below.

Nonmigmatitic metapelite in Zone 1 (Fig. 1) consists
of andalusite, biotite, quartz, K-feldspar, plagioclase,
muscovite (<5%), and minor sillimanite. The leuco-
somes associated with the finely laminated migmatite
mainly consist of quartz, K-feldspar, and plagioclase,
and have a granoblastic texture. Generally, quartz,
K-feldspar, and plagioclase in the leucosomes are sub-
stantially coarser than those in the mesosomes or mel-
anosomes. In thin sections, some of the leucosomes have

Fig. 2 Structures of the
migmatites showing a
photomicrograph of stromatitic
structure, b field photography
of anastomose structure, ¢ field
photograph of chaotic
structure, and d field
photograph of melt pockets
along the fracture zone

trace amounts of apatite located at the boundaries of
quartz and plagioclase, which suggests relatively high
levels of P,Os in such leucosomes. In contrast, the
melanosomes mainly consist of biotite (up to 60%) and
sillimanite with subordinate quartz, plagioclase, and
K-feldspar. Garnets co-existing with biotites are rarely
found within the migmatite zone. They are found in only
two localities that are in proximity to the Goat Ranch
pluton throughout the entire study area.

The pressures at which the presently exposed Sierra
Nevada batholith was emplaced gradually increase
southward from 2 kb at latitude 37 °45’N, to ~9 kb at
the extreme southern end of the batholith (Ague and
Brimhall 1987; Pickett and Saleeby 1993; Ague 1997). In
this studied area, the Goat Ranch pluton was emplaced
at a pressure between 3 and 5 kb (Dixon 1995) and at a
temperature of ~700 °C (Elan 1985). The presence of
andalusite coexisting with biotite in the upper pelitic unit
suggests a temperature as low as ~450 °C at 1.5 km
from the Goat Ranch intrusion. Elan (1985) has studied
the P-T conditions of thermal metamorphism of the
Isabella pendant that is in direct contact with the Cyrus
Flat pluton in the north shore area of the Isabella pen-
dant ~5 km north of the study area. His results show
that the temperature at the contact between the Isabella
pendant and Cyrus Flat pluton was about 730 °C,
declining to ~430-475 °C at the margin of the aureole
~2 km from the contact, and the Cyrus Flat pluton was
emplaced at a pressure about 3 kb. Because of the
structural continuity throughout the entire Isabella
pendant, similarity in metamorphic assemblages of the
metasedimentary rocks studied by Elan (1985) to those
of this study area, and the same age of the Goat Ranch
and Cyrus Flat plutons (Saleeby and Zeng 2005), the
P-T conditions determined by Elan (1985) appear to be
applicable to the study area. Thermobarometric studies
by Pickett and Saleeby (1993) carried out on a small
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metasedimentary pendant to the south of the study area
yielded peak metamorphic conditions of 10.8 kb and
788 °C. Because the metasedimentary rocks in the
present study were located at a much higher crustal level
than those studied by Pickett and Saleeby (1993), ther-
mal conditions resolved by these workers are taken as an
upper bound for the Goat Ranch granodiorite and its
proximal thermal aureole.

The common occurrence of leucogranite dikes with
primary tourmalines and skarn deposits within calcare-
ous units suggests intensive hydrothermal activity during
high-grade metamorphism and the formation of the
migmatite complex. The implied elevated fluid activity
might have lowered the solidus and promoted partial
melting of quartz + feldspar assemblage, while it
inhibited muscovite dehydration melting (Patifio-Douce
and Harris 1998).

Analytical techniques

We have carried out major, trace element, and Sr—Nd
isotopic analyses on a suite of leucosomes and their
proximal hosts, finely laminated migmatites, and
metapelites from the Isabella pendant. Migmatites con-
taining thickened leucosomes (=cm-scale) were selected
for separation of leucosomes for major, trace, and Sr—
Nd isotopic analysis. We refer to such migmatite after
extraction of the thickened leucosomes (<5%) as
proximal hosts for leucosomes. Separation of leuco-
somes was done by (1) careful examination of migma-
tites (of a size 10x15x5 cm) containing thickened
leucosomes; (2) cutting thicken leucosomes from the
migmatite; (3) hand-picking and washing leucosomes

with purified water to ensure least contamination from
mafic selvages; (4) letting the leucosomes dry for 72 h,
and then (5) using a tungsten carbide shatter box to
prepare the powder for each sample. For migmatites and
metapelites, representative samples were prepared by
following the similar procedures to those of leucosomes,
except that each sample has a size bigger than
15x15x5 cm. Bulk-rock major, trace, and rare earth
element concentrations were obtained by X-ray fluo-
rescence and ICP-MS at the Department of Geology,
Washington State University. Procedures and repro-
ducibility are reported in Johnson et al. (1999). Bulk-
rock major and trace-element data are listed in Table 1.
We have conducted Sr and Nd bulk-rock isotopic
studies to characterize the isotopic compositions and test
for homogeneity versus heterogeneity of the metapelites,
leucosomes, proximal hosts, and finely laminated
migmatites. The analytical techniques are described in
Pickett and Saleeby (1994) and Ducea and Saleeby
(1998). The Nd and Sr measurements were cor-
rected for mass fractionation by normalization to
16N d/"**Nd =0.63615, and °Sr/**Sr=0.1194. External
precisions during this period of measurement for Sr and
Nd isotopic compositions are +0.000016 (n=18), and
+0.000019 (n=18), respectively. *’Sr/*°Sr for the
NBS987 standard is 0.710252 and '** Nd/'** Nd for La
Jolla Nd standard 0.5118587. The analytical results are
given in Table 2. Initial Sr and Nd ratios were corrected
back to 100 Ma, which is the emplacement age of the
Goat Ranch and adjacent plutons, and the timing of
peak metamorphism and deformation of the Isabella
pendant (Saleeby and Zeng 2005). In the following sec-
tions, the symbol sizes in all the plots are larger than the
analytical errors.

Table 2 Nd and Sr isotopic compositions of the metapelite protoliths, migmatites, and leucosomes

Sample  Rock-type Rb Sr 87Rb/ 87Sr/ 87Sr/86Sr Sm Nd 147Sm/ 143Nd/ eNd Eu/Eu**
(ppm)  (ppm)  *°Sr *9Sr (100) (ppm) (ppm) '“Nd  '*Nd (100)°
PP0101  Metapelite  175.65 103.56 4.8844 0.722352 0.715412 8.96 42.66  0.1270  0.512118 —9.26 0.478
PS0101  Metapelite  108.39  69.21 4.5123  0.728495 0.722083  8.06 41.11 0.1185 0.512081 —9.87 0.496
Li9805  Migmatite 123.31 158.54 2.2375 0.716645 0.713465 8.37 47.52  0.1064 0.512143 —8.50 N/A
Li9808  Migmatite  90.80 137.32  1.9022 0.716636 0.713932 7.83 4289  0.1103 0.512142 —-8.57 0.353
Li9810  Metapelite  153.10 247.20 1.7831 0.718446 0.715912 9.51 52.30  0.1100 0.512088 —9.62 0.476
Li9813  Metapelite  88.00 92.30 2.7484 0.721861 0.717956  4.89 26.48  0.1171  0.512137 —8.69 N/A
Li9815 Metapelite  163.70 143.70 3.2790 0.717148 0.712489 7.48 4772 0.0947 0.511992 —11.31 0.442
Li9816  Metapelite  172.10 57.20 8.6757 0.729700 0.717372 8.20 47.39  0.1046 0.512056 —10.19 N/A
R0410 PH 163.63 224.41 2.0987 0.718356 0.715378 5.84 29.05 0.1216 0.512123 —9.10 0.685
R0406 PH 168.18 370.00 1.3086 0.719961 0.718101 7.55 36.30  0.1257 0.512107 —9.46 N/A
R0407 PH 177.11 193.36  2.6375 0.722111 0.718364 5.63 37.02 0.0919 0.512106 —9.04 0.483
R0404 PH 105.81 471.06 0.6464 0.717761 0.716843 6.83 21.13  0.1955 0.512129 —-9.91 0.462
L0404 Leucosome  12.34 267.17 0.1394 0.712585 0.712397 1.63 10.45  0.0939 0.512006 —11.03 0.421
L0405 Leucosome  15.46 260.32  0.1709 0.714695 0.714452 3.08 27.69  0.0670 0.512009 —10.62 0.635
L0406 Leucosome 101.26 675.07 0.4286 0.716931 0.716322 2.99 10.31  0.1745 0.512291 —6.50 N/A
L0407 Leucosome 134.58 311.01 1.2469 0.717532 0.715761 3.39 10.22  0.1996 0.512334 —5.98 1.341
L0410 Leucosome 126.13  263.71 1.3780 0.726609 0.724651 6.26 27.01  0.1395 0.512243 —6.98 0.915
051803  Marble 1.02 383.32  0.0077 0.711327 0.711317 0.05 0.26 0.1216  0.512417 —-3.35 N/A

“Eu anomaly is calculated by Eu/Eu* = Euy / v Smy x Gdy, where Euy, Sm, and Gdy are normalized to chondrite (Sun and McDonough

1989). PH Proximal host for leucosomes
Calculated at =100 Ma using the equation eng(f) =
("Sm/"Nd)cnur (0)=0.1966

(3N /N g (1)
(I“Nd/144Nd)CHUR ()

— 1| x 104, and (**Nd/"**Nd)cyur (0)=0.512635 and



Major and trace-element geochemistry

Major and trace-element data are listed in Table 1.
Metapelites, migmatites (including the proximal host for
leucosome and the finely laminated migmatite), and
leucosomes can be distinguished in their major element
compositions. The metapelites have higher Al,O3, TiO,,
FeO, and MgO, but lower MnO and CaO contents than
those in the migmatites and leucosomes. In general, the
leucosomes have higher SiO, contents than both the
migmatites, and metapelites. Selected major element
variations for the leucosomes, migmatites and metapel-
ites are illustrated in Fig. 3. The metapelites have limited
ranges of SiO, from 63.0 to 65.0, when compared to
relatively greater variations of SiO, contents in the
migmatites. Leucosomes have lower FeO + MgO/Al,O;
ratios (<0.274) than those of both the migmatites and

Fig. 3 Selected major element oxides versus SiO, diagram for
selected leucosomes, migmatites (including proximal host for
leucosome and migmatite), and metapelites. Diagrams showing
the relationships between a Al,O3, b TiO,, ¢ FeO, and d K,O with
SiOy(Wt%). The term “‘proximal host for leucosome™ refers to the
material after the separation of relatively large size of leucosomes
from a finely laminated migmatite. The leucosomes separated for Sr
and Nd isotopic analysis are 0.5-1 cm thick. The term “migmatite”
is applied to finely laminated migmatites without removal of any
leucosomes
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metapelites (>0.279). As shown in Fig. 3, Al,O3, TiO,,
MgO, and FeO are negatively correlated with SiO, in the
metapelites, migmatites and leucosomes, which suggests
that their major element geochemistry is dominantly
controlled by constituent phases involved in the partial
melting. Preferential melting of quartz, K-feldspar, and/
or plagioclase from a pelitic source will lead to elevated
SiO, but decreased FeO, MgO, TiO,, and Al,O3 con-
tents in the leucosome (Fig. 3¢). Due to limited volume
of leucosomes (<5%) extracted for analyses, the com-
plimentary proximal host samples have similar major
element compositions to those of the finely laminated
migmatites (Fig. 3a, b and c¢). Both the proximal hosts
and migmatites have lower Al,Oscontents than those in
the metapelites. This may be due to protolith variations
towards psammitic compositions expressed mineralogi-
cally by a nonuniform distribution of sillimanite. Based
on their K,O contents (Fig. 3d), the leucosomes can be
subdivided into two groups: high-K group A and low-K
group B. Group A samples have K,O contents of 3.68
and 4.59 wt%, while group B samples have much lower
K5O content of 0.36 and 0.49 wt%. We have calculated
the CIPW norm of those leucosomes with major element
geochemistry data and plotted them on an Ab—An-Or
ternary diagram (Fig. 4). This diagram (Fig. 4) also
shows the composition data of melts from experimental
partial melting of muscovite schist (MS) and muscovite—
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biotite schist (MBS) under both water-present and wa-
ter-absent conditions at 10 and 6 kb, respectively (Pati-
fio-Douce and Harris 1998). It is interesting to find that
group A leucosomes are of granitic composition and
group B leucosomes of trondhjemite-like composition,
which suggests that group B leucosomes may have
formed from water-saturated or H,O-fluxed melting
reactions at significantly lower temperatures than group
A leucosomes.

Metapelites, leucosomes, and migmatites can be dis-
tinguished in their trace-element compositions as well.
The leucosomes have the lowest Ni, Cr, Sc, V, Nb, Zn,
and La concentrations, as compared to those in both the
migmatites and metapelites (Table 1). The metapelites
have higher Rb/Sr ratios ranging from 0.62 to 3.01, than
those of the leucosomes (<0.50). Ba and Rb con-
centrations in the leucosomes are positively correlated
with their K,O (wt%) contents (Fig. 5e and 5f). Nb and
V concentrations are positively correlated with TiO,
contents of leucosomes, migmatites, and metapelites
(Fig. 6). The leucosomes have lower Nb (<13 ppm) and
V (<64 ppm) concentrations than those of the migma-
tites and metapelites, which are greater than 15 ppm and
64 ppm, respectively. Trace-element data on the leuco-
somes fall into two groups: group A leucosomes have
higher Rb, Ba, and Pb concentrations, and higher Rb/Sr
ratios than those of group B (Fig. 5). All samples show
LREE enrichment characteristics in a chondrite nor-
malized REE diagram (Fig. 7). Except for one leuco-

An

O Dehydration-melting (MS)
[ Dehydration-melting (MBS)
@ H20-fluxed melting (MS)

¥ Group B leucosome
& Group A leucosome

Tonalite Granodiorite

Trondhjemite

Granite

o e
o0 10 Kbar

Ab Or

*

Trondhjemite Granite

6 Kbar
Ab Or

Fig. 4 Normative albite (A4b)-anorthite (An)-orthoclase (Or) con-
tents of the leucosomes compared with experimentally generated
melt compositions (after Patifio-Douce and Harris 1998). Two
leucosomes are plotted within the trondhjemite field, and the others
in the granite field. The Ab—An—Or classification for silicic rocks
was proposed by Barker (1979)

some which has positive Eu anomalies, all the other
samples show consistent negative Eu anomalies. We will
return to these data following the presentation of the
radiogenic isotopic data.

Sr and Nd isotopic geochemistry

Radiogenic isotopic data for Sr and Nd are given for
metapelites, migmatites, and leucosomes in Table 2.
Figure 8 shows the isotopic compositions of samples
analyzed on an eng(T) versus ®’Sr/*°Sr(T) diagram. A
value of 100 Ma was assigned for 7 to evaluate the
radiogenic isotopic composition at the time of migma-
tization (Zeng 2003; Saleeby and Zeng 2005) Rb and Sr
concentrations in the leucosomes range from 12 ppm to
134 ppm, and 260 ppm to 675 ppm, respectively.
Metapelites have Rb and Sr concentrations ranging
from 88 ppm to 176 ppm, and 57 ppm to 247 ppm,
respectively. Migmatites (including the proximal hosts
for thickened leucosome samples) have Rb and Sr con-
centrations ranging from 91 ppm to 168 ppm, and
137 ppm to 471 ppm, respectively. Some of the proximal
host samples have high Sr concentrations of up to
471 ppm. This may be due to concentration of Sr-rich
minerals (e.g., feldspars) in the leucosome lamina.
Compared with the metapelites, the leucosomes have
low Rb/Sr ratios. Sm and Nd concentrations in the
leucosomes range from 1.6 ppm to 6.3 ppm, and
10.2 ppm to 27.7 ppm, respectively. The metapelites
have Sm and Nd concentrations ranging from 4.9 ppm
t0 9.5 ppm, and 26.5 ppm to 52.3 ppm, respectively. The
migmatites have Sm and Nd concentrations ranging
from 5.6 ppm to 8.4 ppm, and 21.1 ppm to 47.5 ppm,
respectively. Based on their Rb concentrations, and Rb/
Sr and Sm/Nd ratios, the leucosomes can be subdivided
into group A and group B as well. Group A has high Rb
concentrations (> 100 ppm), Rb/Sr (0.15-0.5), and Sm/
Nd (>0.20) ratios. In contrast, group B has low Rb
concentrations (<20 ppm), low Rb/Sr (<0.10), and
Sm/Nd (<0.20) ratios.

The leucosomes have a much wider range of eng(T)
values than the migmatites and metapelites, but they
have a similar range of initial ¥’Sr/*®Sr ratios. The initial
87Sr/%°Sr ratios of leucosomes range from 0.7124 to
0.7247, similar to those of the metapelite protoliths
(0.7125 to 0.7221). However, the leucosomes have initial
eng values ranging from —6.0 to —11.0, as compared to
—8.7 to —11.3 for the metapelites, which implies that
partial melting was in disequilibrium with respect to the
Sm—Nd isotope system. As shown in Fig. 8, group A
leucosomes have higher initial eng values (> —7.0) and
87Sr/%°Sr ratios (>0.7145) than those of group B leu-
cosomes.

In summary, two groups of leucosomes have been
identified based on their trace element, Sr—INd isotopic,
and major element geochemical characteristics: (1)
group A leucosomes, including samples L0406, L0407,
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diagrams suggest that positive Eu anomalies of leucosomes arose
from the increasing contribution of K-feldspar to the melt

and L0410, have higher initial eng values (> —7.0) than
the migmatites and metapelite protoliths (< —8.5), po-
sitive or slightly negative Eu anomalies, high Pb, Ba, Rb,
and K,O contents, high *’Sr/*®Sr ratios (>0.7145), and
are of granitic composition; and in contrast, (2) group B
leucosomes including samples of L0404 and L0405, have
similar initial gng values to those of the migmatites and
metapelites, significant negative Eu anomalies, low Pb,
Ba, Rb, and K,O contents, low %’Sr/%Sr (<0.7145)
ratios, and are of trondhjemite-like composition. Fi-
nally, as shown in Fig. 10a, there is a relative enrichment
of Sr in the migmatites (Fig. 10a) as compared to the
metapelite protolith.

Discussion

First, we will briefly discuss the possible melting reac-
tions under the attendant P-T conditions during the
emplacement of the southern Sierra Nevada batholith at
~100 Ma. In isotopic disequilibrium melting, the isoto-
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pic composition of a given isotope in the melt depends
on its concentrations and isotopic compositions in the
minerals of the initial solid and on the mineral propor-
tions which dissolve into the melt (Allegre and Minster
1978). Recent studies of migmatites (Barbero et al. 1995)
and of pelitic gneisses and leucogranite in the Himalayas
(George and Bertlett 1996) show that Sr and Nd isotopic
heterogeneity can be preserved on the mineralogic scale
before and during anatexis. Deniel et al. (1987) pre-
sented Sr and Nd isotopic composition data of the
Manaslu granite, Himalayas, Nepal and demonstrated a
wide range of initial Sr and Nd isotopic ratios and an
isotopic heterogeneity on a meter scale in the source that
has not been obliterated by magmatic processes. These
results suggest that isotopic heterogeneity among phases
in a source rock may be well preserved until a major
melting event, which is consistent with the observations
of fine-scale disequilibrium and extremely sluggish of
metamorphic reactions on metamorphic rocks (Baxtor
and DePaolo 2000; Carlson 2002). Such field and
experimental observations contradict theoretical con-
siderations, which suggest that isotopic heterogeneity in
the source may not survive prograde heating during
collisional orogenesis (Harris and Ayres 1998). Rapid
heating induced by external heat source such as shear
heating on a major shear zone, input from magma un-
derplating, or intrusion may favor isotopic disequilib-
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rium melting (Harrison et al. 1999; Petford and Galla-
gher 2001). The supracrustal rocks (e.g. the Kings Se-
quence metasedimentary framework rocks in the Sierra
Nevada batholith) have experienced a protracted history
of intrusion of granitic plutons since 200 Ma. It is very
possible that a large amount of detrital mineral grains
within the labile metasedimentary rocks have preserved
different isotopic compositions as compared to other
newly formed ones. Therefore, it is worth exploring Sr
and Nd isotopic systematics of anatectic melts by
assuming nonhomogenous isotopic compositions be-
tween melting phases and examining whether such a
model can account for the observed Sr—INd isotopic
systematics of the leucosomes with respect to the
metapelites and migmatites.

Common melting reactions and their characteristics

Aluminous schists and gneisses are generally considered
to be likely sources for peraluminous granitic melts
(Wyllie 1977; Vielzeuf and Holloway 1988; Le Breton
and Thompson 1988; Rushmer 1991; Vielzeuf and
Montel 1994; Patino-Douce and Beard 1995, 1996;
Thompson 1996; Patifio-Douce and Harris 1998; Knesel
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Fig. 6 Plots of a Nb versus TiO, (wt%). b Nb over V. These plots
show that both Nb and V in the leucosomes, migmatites, and
metapelites are negatively correlated with the contents of Ti,

suggesting that ilmenite stayed as a residue phase during the partial
melting of the upper pelite protolith

and Davidson 2002; Whittington and Treloar 2002). For
pelitic and quartzo-feldspathic rocks, the melting reac-
tions that produce granitic melts are listed as following
in the order of increasing melting temperatures (Fig. 9):

1. Water-saturated melting reaction

Qtz + Kfs + Als + H,O — Melt

2. Water-saturated melting reaction

Qtz + Ab + Or + H,O — Melt

3. H,O-fluxed melting of muscovite-bearing pelite

Pl 4+ Qtz + Mus + H,O — Melt

4. Fluid-absent muscovite dehydration melting

Mus + Pl + Qtz — Als + Kfs + Melt(Bt

5. Fluid-absent biotite dehydration melting after
exhaustion of muscovite

Bt + PI + Als + Qtz — Grt + Kfs + melt
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Fig. 7 REE diagram showing
the REE characteristics of the
leucosomes, migmatites, and
metapelites. REE are
normalized to the primitive
mantle (PM) (Sun and
McDonough 1989). Except for
two leucosomes which have
positive or slightly negative Eu
anomalies, the rest of the
samples have consistently
negative Eu anomalies.
Leucosome: L0404, L0405,
L0407, and L0410; Proximal
host: R0404, R0407, and
R0410; Finely laminated
migmatite: Li9805 and Li9808;
Metapelite: PP0101, PS0101,
and Li9815

-
(=}
(=]

Sample/Chrondrite

104 ———

—e— L0404 —8— L0405
—&— L0407 —— L0410
—X- R0404 —0- R0407
--- R0410 =X~ Li9805

-o-- Li9808
PS0101

- 4- PP0101
- O- Li9815

La Ce

Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 8 Nd-Sr radiogenic -2
isotopic systematics of the [
metapelite protoliths,
migmatites, and leucosomes.
The diagram shows that the
leucosomes have a much wider
range of initial eng values than
the metapelite protoliths, but

@ Leucosome
A Metapelite
O Proximal Host

A Migmatite

they have similar ranges of
initial Sr isotopic ratios,
suggesting that melts that

ena(100Ma)
&

formed the group A leucosomes Aa LT
i . B . i Q_ o~ o
are in Nd isotopic [ L o ~——
disequilibrium with respect to -10 + 7 e 4 Y N |
their protoliths [ i ,}. - = "\
[ ﬁ-' "7‘\ Metapelite
-12 + Group B
-14.Illl:llll:llll:llll:llll:llll:.lll:llll
0.710 0.712 0.714 0.716 0.718 0.720 0.722 0.724 0.726
¥Sr*®Sr(100Ma)

where Qtz, Ab, Or, Kfs, Als, PI, Mus, Bt, and Grt are
quartz, albite, orthoclase, K-feldspar, aluminosilicate,
plagioclase, muscovite, biotite, and garnet, respectively
(after Kretz 1983). For these melting reactions, musco-
vite dehydration melting reactions occur at much lower
temperatures (<750 °C) as contrasted with ~825 to
900 °C for biotite dehydration melting, and result in a
lower degree of partial melting due to higher water
contents of melts buffered by the muscovite dehydration
melting (Le Breton and Thompson 1988). Under the
same P-T conditions and for the same protolith, the
influx of water has interesting effects on melting
behavior. In partial melting without free water, water is
liberated by breakdown of hydrous minerals such as
muscovite and biotite. Such a melting reaction is re-
ferred to as dehydration partial melting. Water-satu-
rated and water-fluxed partial melting reactions are

melting processes with excess water; both are water
saturated. Water and fluid are used interchangeably in
the following discussion. Increasing water activity de-
presses the feldspar + quartz solidus more strongly
than it depresses the stability of micas, which limits the
participation of muscovite. However, the onset of fluid-
present melting will result in a reduced water activity in
the protoliths as soon as water disappears or water
content of mixed fluid diminishes, and thus drive the
melting toward reactions with increasing proportions of
hydrous minerals as in reaction 3, 4, and 5 at higher
temperatures, except in the geologically improbable case
of a huge water reservoir accessible continuously to the
protolith during melting. These interesting but complex
features of crustal anatexis lead to the complicated melt
products and geochemistry commonly observed in mi-
gmatite zones. Modeling of complex melting reactions in
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Fig. 9 P-T diagram showing experimentally determined solidus
and melting reactions for a metasedimentary source (after
Whittington and Treloar 2002). Water-saturated melting reaction
Qtz + Ab + Or + H,O = M from Ebadi and Johannes (1991).
Calculated locus of water-saturated melting reaction Qtz + Kfs
+ Als + H,O = M from Johannes and Holtz (1996). Dehydra-
tion melting reactions Qtz + Ms + Pl = Kfs + Sil + Bt+ M
(natural system) for muscovite-biotite schist (M BS) and muscovite
schist (MS) from Patiio-Douce and Harris (1998). Biotite
dehydration melting reaction (/) Bt + P+ Qtz = Opx
+ Grt + Kfs + M (natural system) from Vielzeuf and Montel
(1994), (2) and (4) Bt + Pl + Qtz = Opx + M (natural system)
from Patifio-Douce and Beard (1995), and (3) Phl + Qtz =
En + M (MASH system) from Vielzeuf and Clemens (1992).
Typical geothermal gradients for the continental crust are also
shown in this diagram. M melt, Qtz Quartz, Ab albite, Or
orthoclase, Kfs K-feldspar, Als aluminosilicate, Ms muscovite, P/
plagioclase, Si/ sillimanite, Bt biotite, Opx orthopyroxene, Grt
garnet, Phl phologopite, En enstatite. //m ilmenite, Cpx clinopy-
roxene, L melt, V' vapor or water. Mineral abbreviations are after
Kretz (1983)

pelitic protoliths, and the geochemical consequences of
dehydration melting of muscovite and biotite in
metapelites, has been explored by Harris and Inger
(1992), Inger and Harris (1993), and Harris et al. (1995).
They showed that three melting reactions (reaction 3, 4,
and 5) that involve hydrous minerals in different roles
have distinctive restite mineralogies that controls the
trace-element distribution between the sources and
melts. Depending on the P-T conditions, water activ-
ity(om,0), and protolith mineral assemblages, these
reactions would control both the volume of melt pro-
duced and the mineralogy of the restites. These reactions
in turn control the trace-element and radiogenic isotopic
compositions of the resultant melt. The variations in
radiogenic isotopic compositions of the melts result
from different isotopic compositions in the various
phases that undergo partial melting, if each reactant
phase could preserve its radiogenic isotopic composition
until the onset of melting. In terms of the mass pro-
portions of muscovite relative to plagioclase entering the

melts, reaction 3 has a muscovite/plagioclase ratio of
0.6, which is significantly less than the value of 3.1 for
reaction 4 (Patifio-Douce and Harris 1998). Taking the
Rb-Sr system as an example, because muscovite and
biotite are the principal hosts of Rb, and plagioclase and
K-feldspar for Sr, the differences in muscovite/plagio-
clase ratios between reaction 3 and 4 result in distinctive
Rb/Sr ratios and Sr isotopic compositions of the melts
produced by reaction 3 from those by reaction 4,
assuming micas have different Sr isotopic compositions
from those in feldspars. Note that under water-saturated
conditions, partial melting is dominated by melting of
quartz + feldspar (reaction 1 and 2) and muscovite or
biotite is largely excluded from such partial melting
reactions even though there are abundant micas in a
pelitic source. Consequently, isotopic disequilibrium
melting of reaction 1 and 2 results in melts having low
Rb/Sr and ¥’Sr/%%Sr ratios. For the temperature range
under consideration, one of the reactions (reaction 1
through 4) predominates in the melt production.
Moreover, these partial melting processes not only
modify the orthoclase/albite ratio by varying propor-
tions of plagioclase entering the melt and by K-feldspar
forming as a residual phase, they also influence the
contents of Ba, Na, and Pb, as well as the ratios of Rb/
Sr, K,O/Na,O, and Sm/Nd in the melt by varying
proportions of muscovite and biotite with respect to
plagioclase and K-feldspar consumed during partial
melting (Inger and Harris 1993; Guillot 1993). Based on
the petrographic and geochemical data, the potential
major phases that were involved in the partial melting of
the Isabella pendant upper pelite unit are muscovite,
biotite, K-feldspar, quartz, plagioclase, and aluminosil-
icate (principally andalusite). Muscovite, biotite, and
feldspars are the dominant phases that would regulate
the partitioning of Rb, Sr, Ba, Pb, and K between the
melt and residue. Therefore, these element concentra-
tions of the leucosomes would be good indices for the



melting processes during the formation of migmatite in
this area.

Melting of muscovite

Below, we interpret the trace-element and isotopic data
for the leucosomes and migmatites in the context of
melting of muscovite. In contrast to Sr, Rb is more
compatible with biotite than muscovite and feldspar
(Peucat 1986; Henderson 1982; Nash and Crecraft 1985)
such that: (1) biotite is characterized by the highest
Rb/Sr ratio and relatively high-time integrated *’Sr/*Sr
ratio due to radioactive decay of ¥’ Rb; (2) muscovite
has the intermediate Rb/Sr and ®’Sr/*®Sr ratios; and (3)
feldspar (plagioclase and K-feldspar) has the lowest
Rb/Sr and ¥’Sr/*°Sr ratios, as compared to the bulk-rock
values. The P-T conditions of migmatization that were
outlined above indicate temperatures below that of
biotite dehydration partial melting, which occurs gen-
erally in the range of 825-900 °C under fluid-absent
conditions (Clemens and Vielzeuf 1987; Patifio-Douce
and Johnston 1991). High modal contents of biotite,
which is typically in excess of 60% in the melanosomes
of the migmatites, also suggest that biotite was not in-
volved significantly in partial melt production, or biotite
formed as a product of muscovite dehydration melting
of reaction 4. However, this would give rise to very low
Rb concentrations and relatively unradiogenic Sr iso-
topic compositions in the leucosomes as compared to
their sources, which is not evident in the data. The rarity
of garnet coexisting with biotite and K-feldspar, even at
localities of highest temperatures in the proximity of the
Goat Ranch pluton, also suggests that fluid-absent
biotite dehydration melting did not play a significant
role in generating the migmatite zone. Based on the trace
element and Rb-Sr isotopic data of the leucosomes, we
suggest that most of the leucosomes were derived from
partial melting of quartz + K-feldspar + plagioclase
assemblages with or without involvement of muscovite
under fluid-present conditions. An important feature
shown in the Rb-Sr isotopic systematics (Fig. 10b) of the
leucosomes is that their initial ¥’Sr/*®Sr ratios are posi-
tively correlated to their Rb/Sr ratios. This relation
indicates that those leucosomes with relatively elevated
Rb/Sr ratios resulted from increasing proportions of
muscovite over feldspar entering the melt. The control of
initial ¥’Sr/*Sr of anatectic melts by the relative pro-
portions of muscovite over feldspar entering the melt has
been observed experimentally by Knesel and Davidson
(2002) and evaluated theoretically by Zeng et al. (2005b).
One leucosome sample from the study area (L0410)
stands out from the rest by its highest Rb/Sr and initial
87Sr/%®Sr ratios (Fig. 10b). We suggest that this marks
fluid-absent muscovite dehydration melting in the pro-
duction of that particular leucosome layer. Group A
leucosomes have high Rb concentrations that overlap
with those in the metapelites, and higher Rb/Sr ratios
than group B leucosomes, which suggests a greater

proportion of muscovite entering the group A melts.
Group B leucosomes have lower Rb concentrations than
the metapelites by about an order of magnitude. This is
evidence against these leucosomes being generated from
either fluid-absent muscovite or biotite dehydration
melting, since both melting reactions generally result in
melts with Rb/Sr ratios greater than 1.0. Group A leu-
cosomes might be derived either from fluid-absent
muscovite dehydration melting with biotite in the restite,
or from H,O-fluxed melting of muscovite. Group B
leucosomes may in contrast be derived from H,O-fluxed
melting of muscovite or water-saturated melting of
quartz and feldspar assemblage. This interpretation is
consistent with the inferences drawn based on the major
element compositions of the leucosomes (Fig. 4).
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K-feldspar signature

The significant role of K-feldspar in the partial melting
of metapelites was reported to have given rise to positive
Eu anomalies of leucosomes (Harris et al. 1986;
McDermott et al. 1996). Figure 5a shows that positive
or weak negative Eu anomalies of group A leucosomes
are associated with their high K,O contents. For crustal
rocks, K-feldspar is the major phase that hosts Pb. The
positive correlation between Pb and K,O in the group A
leucosomes, migmatites, and metapelite protoliths
(Fig. 5¢) also suggests that positive or weak negative Eu
anomalies of group A leucosomes arise from either the
melting or entrainment of K-feldspars. Alkali feldspars
commonly have Ba concentrations ranging from
1,000 ppm to 10,000 ppm, significantly higher than
those of plagioclases. Fluid-absent conditions favor
residual K-feldspar due to limited melt fraction, but at
higher temperatures or increasing water activities,
K-feldspar will melt in greater proportions (McDermott
et al. 1996). This is marked by a decrease in the Rb/Sr
ratio and increase in Ba content of a melt, which also
characterizes the trace-element geochemistry of the
group A leucosomes (Fig. 5e¢). The Ba concentrations of
group A leucosomes are higher than those of both mi-
gmatites and metapelites by a factor of three (Table 1).
Group A leucosomes may have been derived from
muscovite dehydration melting reaction in which
K-feldspar was also assimilated into the melt. Such
assimilation would produce melts having low Rb/Sr
ratios, positive or weak negative Eu anomalies, and
elevated Sr, Ba, Pb, and K contents. In contrast, group
B leucosomes might represent the melting products from
K-feldspar-limiting H,O-fluxed muscovite melting or
melting of quartz + feldspar assemblages, which results
in melts having low Rb/Sr ratio, negative Eu anomalies,
and decreased Pb, Ba, and K concentrations (Fig. 5).

The role of accessory phases

Previous studies have shown that accessory minerals
such as zircon, apatite, ilmenite, and monazite play a
critical role in controlling the distribution of trace ele-
ments such as Zr, Hf, Sm, Nd, U, Th, Nb, and Pb
between melt products and residues (Rapp and Watson
1986; Hogan and Sinha 1991; Bea et al. 1994; Ayres and
Harris 1997; Zeng et al. 2005a, b). Ilmenite is the pre-
dominant host for Ti as well as a variety of trace ele-
ments such as Nb, Ta, and V in metasedimentary rocks.
Therefore, if ilmenite stayed as a residue during partial
melting, the resultant leucosomes should have lower
concentrations of Ti, Nb, Ta, and V than the residue as
well as the protolith. Figure 6 shows that: (1) both Nb
and V concentrations in the leucosomes, migmatites,
and metapelites are positively correlated with their TiO,
(Wt%) contents; (2) the leucosomes have lower concen-
trations of Nb (<13 ppm) and V (<64 ppm), and TiO,
contents than those in the metapelites and migmatites.

This suggests that ilmenite behaved as a residual phase
during partial melting, and is consistent with the rela-
tively high concentration of opaque minerals observed in
melanosome lamina.

Geochemical observations and theoretical modeling
have shown that dissolution of apatite may play an
important role in shaping the Nd isotopic systematics of
anatectic melts (Ayres and Harris 1997; Zeng et al.
2005b). The observation that elevated eng(T) values of
the leucosomes correspond to elevated P,Os contents
suggests that the Nd isotopic compositions of the leu-
cosomes may be strongly affected by the dissolution of
apatite (Fig. 11). Group A leucosomes have substan-
tially higher eng(T) values and P,O5 contents than those
of group B, reflecting a greater apatite component and
possibly higher temperature of melting. Increased
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dissolution of apatite into melt requires higher temper-
ature conditions because water has little effect in the
dissolution of apatite (Harrison and Watson 1984). The
inference of higher temperature conditions for the for-
mation of group A leucosomes is in accordance with the
conclusion drawn based on the correlations among K,O,
Pb, and Ba contents, and positive or weak negative Eu
anomalies as discussed in the previous section. The dis-
solution behavior of apatite may also strongly influence
the Nd isotopic systematics of melt products (Zeng et al.
2005b). For example, contrasted to monazite, apatite
usually has a higher Sm/Nd ratio and thus high time-
integrated eng values relative to those of the bulk rock
(Ayres and Harris 1997). Dissolution or entrainment of
apatite into the melt will elevate both the Sm/Nd ratio
and eng value of the melt. The large variations in Sm/Nd
ratios of the leucosomes from 0.11 to 0.33, and elevated
ena(T) values as compared to their sources suggest the
important role of accessory minerals in fractionation Sm
from Nd and developing Nd isotopic disequilibrium
during crustal anatexis (Zeng et al. 2005a).

Conclusions

We have performed major and trace element and
radiogenic isotopic studies on a suite of leucosomes,
their complementary proximal hosts, migmatites, and
metapelites. We found that the leucosomes fall into two
groups: (1) group A leucosomes have higher initial eng
values (>—7.0) than the migmatites and metapelites
(< —8.5), positive or weak negative Eu anomalies, high
Pb, Ba, Rb, and K,O contents, high 87Sr/86Sr ratios
(>0.7145), and are of granitic composition; and in
contrast, (2) group B leucosomes have similar initial eng
values to those of the migmatites and metapelites, neg-
ative Eu anomalies, low Pb, Ba, Rb, and K,O contents,
low ¥'Sr/3°Sr ratios (< 0.7145), and are of trondhjemite-
like composition. These data can be modeled as a result
of nonmodal partial melting of the pelite protolith. Gi-
ven the relatively low temperatures of the metamorphic
reactions at the level of exposure and observation, and
low contents of muscovite and plagioclase and high
contents of K-feldspar in the pelitic protolith, group B
leucosomes may represent melts from fluid-present par-
tial melting reactions of quartz + feldspar assemblages
(reaction 1 and 2). Intensive concurrent hydrothermal
activity as evidenced by skarn deposits in the strati-
graphically adjacent marble unit as well as pegmatitic
dikes may have limited the role of fluid-absent muscovite
dehydration melting in the production of leucosomes,
even though the major and trace element and radiogenic
isotopic data suggest that some of group A leucosomes
may have formed from such a reaction.

In summary, we show that during the formation of
the migmatite zone in the Isabella pendant: (1) the leu-
cosomes were partial melting products; (2) trace element
and radiogenic isotope geochemistry data suggest
that crustal anatexis could generate a spectrum of

leucogranitic melts with various major, trace element,
and radiogenic isotopic compositions; (3) Sm and Nd
isotopic compositions of the leucosomes suggest the
disequilibrium nature of nonmodal crustal anatexis and
small degrees of parent/daughter fractionation by
accessory phases during partial melting; (4) both leuco-
somes and metapelites have a high degree of isotopic
heterogeneity; and (5) trace minerals such as ilmenite
play a dominant role in controlling the redistribution of
key trace elements such as Nb, V, and Ta between the
melt products and solid residue. The data presented here
also suggest that: (1) the behavior of the Rb—Sr system is
controlled by the melting behavior of feldspars versus
micas, which are in turn controlled by H,O fugacity; and
(2) the behavior of the Sm—Nd system is largely con-
trolled by accessory phases (e.g., apatite) as long as
garnet is not a major phase during partial melting of
metasedimentary rocks.

Field, geochemical, and isotopic data from this
study suggest that formation of a migmatite zone
within the pre-existing metaclastic country rocks in
response to thermal perturbations induced by the
impingement of hot silicic magma is a potentially
important mechanism to help differentiate the conti-
nental crustal into more silicic upper crust and cor-
responding mafic parts. If melts generated by crustal
anatexis can segregate and migrate to shallower levels
of the crust, heat-producing (U, Th, and K), LILE,
and LREE celements can be efficiently redistributed
into the shallow crust. The various degrees of parent/
daughter fractionation of both the Rb—Sr and Sm—Nd
systems as a consequence of crustal anatexis would
render distinct isotopic reservoirs that could pro-
foundly influence the products of subsequent mixing
events. This is not only critical for intracrustal differ-
entiation, but also potentially an important process in
generating crustal isotopic heterogeneities. Because
some of granitic batholiths acquire their crustal sig-
natures by wallrock-derived melt contamination,
complicated Sr and Nd isotopic compositions of
crustally derived melts require extreme care in inter-
preting batholithic Sr and Nd systematics.
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