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Trace element zoning in pelitic garnet of the Black Hills, South Dakota
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ABSTRACT

Trace element (REE, Cr, Ti, V, Y, and Zr) analysis of garnet from the garnet, staurolite,
and lower sillimanite zones of an aluminous schist of the Black Hills, South Dakota,
indicates that REE zoning varies as a function of grade. Garnet-zone garnet has high
concentrations of REEs, Cr, Ti, V, Y, and Zr in the cores and low concentrations in the
rims. Profiles of heavy REEs contain inflections between the cores and rims, which are
approximately symmetric about the cores. Staurolite-zone garnet contains cores enriched
with Y and heavy REEs, which decrease toward the rim and increase again at the rim
edges but to lower concentrations than in the cores. Cr, V, Ti, Zr, and light REE zoning
is less pronounced than heavy REE zoning and is less symmetric about the garnet cores.
Almandine-rich garnet of the lower sillimanite zone displays no major element zonation.
Trace element (Ti, Cr, V, and Zr) concentrations are minimal, and the zoning is irregular
and not symmetric about the garnet cores. Garnet from all three zones has core-to-rim
Fe/(Fe + Mg) profiles that suggest garnet growth was uninterrupted with respect to major
element components and that Mn zoning formed by a fractionation process. Analysis of
trace element zoning in this garnet reveals that the major element zoning was relatively
unaffected by volume-diffusion reequilibration. Trace element zonation of all samples of
garnet is best explained by a fractionation mechanism in conjunction with limited inter-
granular diffusion and changing partition coefficients during garnet growth. Heavy REE
partitioning is especially dependent on the major element composition of garnet. This
research complements previous research by others on the use of trace elements as meta-
morphic petrogenetic indicators, which demonstrated the importance of bulk-rock com-

position and phase assemblage on trace element partitioning.

INTRODUCTION

In the past decade great advances have been made in
understanding metamorphic phase equilibria and pres-
sure-temperature-time paths (e.g., Spear 1993). These ad-
vances primarily use major element compositions of
metamorphic minerals. Only limited use is made of the
trace element compositions of metamorphic minerals
(Hickmott and Spear 1992), although trace element in-
formation has, for some time, been an invaluable tool for
deciphering igneous petrogenetic paths. Recent advances
in analytical geochemistry, such as secondary ion mass
spectrometry and laser-ablation mass spectrometry, pro-
vide the sensitivity and spatial resolution required for
determination of the trace element chemistry of meta-
morphic minerals, many of which have compositional
zoning and, thereby, preserve petrogenetic information.

Recent research (e.g., Erambert and Austrheim 1993;
Jamtveit and Hervig 1994) suggests that metamorphic
fluids and deformation may influence major element zon-
ing in garnet more strongly than previously assumed. In-
vestigation of trace element zoning in minerals could help
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elucidate petrogenetic processes because the partitioning
of incompatible trace elements is more sensitive to changes
in temperature, pressure, and composition than the par-
titioning of compatible major elements (e.g., McKay 1989;
Hickmott and Spear 1992). Investigations using micro-
beam techniques have revealed that metamorphic min-
erals contain trace element and O-isotope zonation, which
provides valuable petrogenetic “path” information pre-
viously unobtainable using only major element tech-
niques (Hickmott et al. 1987; Hickmott and Shimizu
1990; Schwandt 1991; Hickmott and Spear 1992;
Schwandt et al. 1993; Kohn et al. 1993; Young and Rum-
ble 1993; Chamberlain and Conrad 1993).

Rare earth elements are especially useful petrogenetic
indicators because they are chemically similar but vary
systematically in cationic size (Goldschmidt 1937; Mc-
Kay 1989). Igneous mineral-melt element partition coef-
ficients, the measure of an element’s compatibility in a
mineral, are dependent on temperature, pressure, and
composition (Banno and Matsui 1973; Drake and Weill
1975; Navrotsky 1978; Ford et al. 1983; Colson et al.
1988; McKay 1989). When modeling the trace element
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Figure 1. Partial geologic map of the southern Black Hills,
South Dakota (DeWitt et al. 1989). Ruled pattern represents the
Proterozoic metamorphosed tuffaceous shale (XMS), the gray
pattern represents the Harney Peak Granite. Solid lines mark
isograds.

signatures of melts, trace element partitioning is governed
by bulk distribution coefficients, which are functions of
the minerals in the model mantle and their proportions
(Hanson 1978). In a metamorphic system, the partition-
ing is between solids or between solids and fluid. There-
fore the garnet-matrix bulk distribution coefficient for a
trace element is a function of the other matrix phases and
their proportions relative to garnet. Hence, the investi-
gation of trace element zoning in metamorphic minerals
should expound on the processes occurring during meta-
morphism.

Excellent exposures of igneous and metamorphic rocks
in the southern Black Hills of South Dakota provide a
unique natural laboratory for exploring Proterozoic orog-
eny. Our study utilized a compositionally homogeneous
amphibolite-grade pelitic schist (Redden 1968; Redden
et al. 1982; Schwandt 1991) of the Black Hills, South
Dakota. The schist is transected by two major isograds
typical of pelitic schists (e.g., Helms and Labotka 1991).
These attributes help simplify interpretation of the trace
element zoning in minerals like garnet by minimizing the
effects of bulk composition. Garnet from the schist was
examined by electron microprobe (EMP) to obtain major
element information and by secondary ion mass spec-
trometry (SIMS) using an ion microprobe to obtain trace
element information. SIMS analyses are limited to garnet
because of the lack of appropriate standards for the other
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minerals in the assemblage. However, garnet is useful be-
cause it is a relatively refractory mineral that can grow
over a rather wide range of temperature and pressure con-
ditions. Therefore, the trace element zonation observed
in garnet samples from the three metamorphic zones
formed from the same bulk composition identify the most
important processes that occurred during garmet growth.
The data provide further groundwork for the utilization
of trace elements as petrogenetic indicators in metamor-
phic rock suites.

GEOLOGIC AND PETROLOGIC BACKGROUND

The petrogenetic history of the southern Black Hills
(Fig. 1) predominantly records low-pressure, high-tem-
perature metamorphism accompanying emplacement of
the Harney Peak Granite (HPG) and associated pegma-
tites (Redden 1963, 1968; Ratte and Wayland 1969; Red-
den and Norton 1975; Ratte 1986; Redden et al. 1982,
1990; Terry and Friberg 1990; Schwandt 1991; Helms
and Labotka 1991). The core of the southern Black Hills
consists of a thick stratigraphic sequence of Proterozoic
metasedimentary and metavolcanic phyllites and schists
surrounding the 1.7 Ga Harney Peak Granite (e.g., Riley
1970; Walker et al. 1986). A minimum of three periods
of deformation and at least two phases of metamorphism
have been identified (Redden et al. 1982, 1990). The first
deformation folded a stratigraphic sequence of turbidites
and volcanic rocks into east-northeast—trending, north-
erly directed nappes and thrusts. The second deformation
refolded the nappes into steep south plunging isoclinal
folds that trend north to northwest. The peak of regional
metamorphism coincided with this second phase of de-
formation (Helms and Labotka 1991). In addition, uplift
of the metasediments and metavolcanic rocks accompa-
nied emplacement of the HPG, a composite batholith of
hundreds of smaller granitic intrusions and pegmatites
(e.g., Duke et al. 1988; Shearer et al. 1992). A thermal
metamorphic event with associated alkali and boron met-
asomatism accompanied HPG emplacement and vari-
ably overprints the thermal metamorphic features (Red-
den et al. 1990, and personal communication). The core
of the Black Hills contains about 24000 pegmatites sur-
rounding the HPG, some of which are enriched with Li,
Be, Ba, Rb, Cs, Sn, Ta, Nb, REEs (rare ecarth elements),
or B (e.g., Norton and Redden 1990; Shearer et al. 1992).

Helms and Labotka’s (1991) investigation of pelitic
schists in the Black Hills concentrated on those located
to the west and north of the HPG dome. Rock samples
in this study were collected from many of the same sam-
ple localities. However, the present study focuses only on
garnet from an aluminous Proterozoic schist mapped and
named by DeWitt et al. (1989) as the metamorphosed
tuffaceous shale (XMS). Estimates of the temperature and
pressure conditions during metamorphism were deter-
mined with garnet-rim and matrix-mineral compositions
and are similar to those calculated by Helms and Labotka
(1991). Temperatures using the Ferry and Spear (1978)
equation range from 500 to 600 °C, and pressures deter-
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mined using the garnet + plagioclase + Al,SiO; + quartz
geobarometer of Newton and Haselton (1981) on appro-
priate samples range from 6 to 3 kbar. Temperatures and
pressures cannot be correlated with the zoning profiles
because the garnet grains contain only quartz inclusions,
and such T and P estimates would rely only on the garnet
composition and the poor assumption that the matrix
minerals were abundant enough to suffer no composi-
tional changes.

ANALYTICAL METHODS
Major element mineral chemistry

Major element compositions of garnet were deter-
mined by wavelength-dispersive X-ray analysis using a
JEOL 733 Superprobe. Analytical conditions included an
accelerating potential of 15 kV and a beam current of 20
nA, focused to 2 um in diameter. Counting times were
20 s or less for major elements and 40 s or less for minor
elements. Shorter count times occurred if standard de-
viations of the counts were <1% before completion of
the set time periods. Elemental peaks were calibrated and
standardized using silicate minerals as standards. Wave-
length-dispersive spectrometry (WDS) data were reduced
with Sandia TASK version 8C with Bence and Albee
(1968) correction procedures.

The largest garnet grains in thin sections of each sample
have diameters approximately equal to the largest garnet
diameters observed in hand samples (0.1-1.5 mm). It is
therefore concluded that these grains are cut nearly
through their centers. Mutually perpendicular EMP tra-
verses were performed. Recent digital X-ray maps (Fig.
2) of a representative garnet confirm that the major ele-
ment zoning matches that observed with the mutually
perpendicular EMP traverses and defines the spatial char-
acter of the major element zoning. Additional EMP tra-
verses were conducted immediately adjacent to the ion
microprobe craters after SIMS analysis. These analyses,
which are presented in this paper, provide major element
data for spots nearly identical to those used in the trace
element analysis. The major element zonation observed
with these traverses (Appendix Table 1) matches the zo-
nation observed with the mutually perpendicular EMP
traverses for each garnet prior to SIMS analysis.

Trace element mineral chemistry

Trace element data for selected garnet samples were
obtained with a Cameca IMS 3F ion microprobe and
collected in sets, on the basis of atomic mass, with the
use of the analytical technique of Shimizu and Hart (1982).
The first set of data measured the concentrations of the
rare earth elements: La, Ce, Nd, Sm, Eu, Dy, Er, and Yb.
Set two measured the transition metals: Ti, V, Cr, Y, and
Zr. This extensive list of elements covers possible sub-
stitutions in the eightfold-coordinated and sixfold-coor-
dinated sites in garnet (e.g., Hickmott and Shimizu 1990).
Analysis spots along each ion microprobe traverse were
spaced from 30 to =100 um apart because of time limi-
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Ficure 2. Digital elemental X-ray maps of GZ garnet (sam-
ple 23). WDS maps demonstrate the concentric zonation of Mn,
Ca, Mg, Fe, Ti, and Dy. Ti zoning is irregular. White corre-
sponds to high elemental concentration and black corresponds
to low elemental concentration. The black arrow in the Mn map
shows the path of the SIMS traverse.

tations, the 25-30 um diameter of the primary ion beam,
and the need to avoid inclusions.

The ion microprobe analyses utilized an O~ primary
beam. The trace element isotope intensities were nor-
malized to the Si intensities and converted to part-per-
million concentrations with the use of trace element vs.
Si working curves determined for a well-characterized py-
rope standard for all trace elements. It is difficult to find
minerals homogeneous enough to make good SIMS stan-
dards. Fortunately, matrix effects on secondary ioniza-
tion are minimal (e.g., Shimizu and Hart 1982). How-
ever, because the garnets of this study are spessartine and
almandine-rich, the accuracy of the absolute concentra-
tions may have been affected, but the observed zoning
was relatively accurate. It is the relative zoning charac-
teristics, and not the absolute abundances, that are im-
portant for the identification of petrogenetic processes
(Hickmott and Shimizu 1990). Some of the high trace
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Ficure 3. AFM projections of the mineral assemblages from
each metamorphic zone in the XMS unit. Symbols represent
projections of minerals present in each assemblage. Stippled ar-
eas denote coexisting phases.

element concentrations were confirmed by WDS map-
ping analysis with the use of a Cameca SX-100 electron
microprobe (Fig. 2). La and Ce measurements typically
had unacceptable precision, as concentrations were at or
below the detection limits. The accuracy of this SIMS
technique is typically within 15%, and precision is within
10% (Shimizu and Hart 1982).

Analysis spots with high Si counts, presumably indicating
the incorporation of an inclusion, were eliminated from the
traverse data sets. Other analysis spots were eliminated from
the data sets, where optical or scanning electron microscopy
evidence suggested contamination resulting from crater
overlap of inclusions. The major and trace element com-
positions of representative garnet samples from a slightly
larger data set are presented in the following figures and are
tabulated in Appendix Table 1.

GARNET OF THE METAMORPHIC ZONES

Garnet is a constituent of the mineral assemblages in
the lower sillimanite, staurolite, and garnet zones of the
XMS unit (Figs. 1 and 3; Redden et al. 1982, 1990; Helms
and Labotka 1991; Schwandt 1991). Garnets in all three
zone assemblages lack obvious reaction textures.

Garnet zone

The mineral assemblage of the garnet zone (GZ) con-
sists of garnet + biotite + muscovite + quartz + plagio-
clase + chlorite + accessory minerals (Fig. 3). Accessory
minerals, which are the same for all three zones, are il-
menite, tourmaline, monazite, and zircon. Garnet sam-
ples 23 and 27 are euhedral, 0.8-1.0 mm in diameter,
and have cores that are densely packed with quartz in-
clusions with no preferred orientation. Garnet grains have
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Ficure 4. Rim-to-rim elemental zonation of a representa-
tive GZ garnet (sample 23). Open circles mark positions of SIMS
analyses and are the same for each element. Thick lines show
inclusion-rich region of crystal. (a) Major element zonation pro-
file determined by EMP at the same positions as the SIMS anal-
yses. (b) REE zonation profile. (¢) Chondrite-normalized REE
plot of individual SIMS analysis points. (d) Transition element
zonation profile. (e) Fe/(Fe + Mg) profile. (f) HREE/LREE pro-
file.

inclusion-free rims, about 125 um thick (Fig. 2; Schwandt
1991; Terry and Friberg 1990). Monazite and ilmenite
occur rarely as inclusions. No other matrix minerals oc-
cur as inclusions. The grains are mildly clustered within
the submillimeter grain-sized matrix, with several milli-
meters between clusters. Chlorite in these samples occurs
as variolitic sprays that are in contact with garnet and
biotite. The Mn content of this variolitic chlorite is ap-
proximately 0.1 wt%.

EMP traverses of the garnet grains revealed symmetric
Mn and Fe zoning (Figs. 2, 4a, and 5a). No discontinuity
in the compositional zoning occurs at the boundary be-
tween the inclusion-rich cores to the inclusion-absent rims.
Mn zoning (Figs. 4a and 5a) of the garnet is similar to
the classic bell-shaped pattern considered to occur be-
cause of a fractionation-depletion mechanism during gar-
net growth (e.g., Hollister 1966; Tracy et al. 1976; Tracy
1982).
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Trace element concentrations of the garnet are higher
in the cores than in the rims; even though this zoning is
somewhat bell shaped, it does not parallel the bell-shaped
major element zoning (Figs. 4 and 5). Trace elements
with similar physical and chemical characteristics have
similar zonation profiles. HREEs (heavy rare earth ele-
ments Dy, Er, Yb) have roughly parallel zonation pro-
files; Nd, Sm, and Eu, considered as light rare earth ele-
ments (LREES) in addition to La and Ce, also have parallel
zonation profiles, but their profiles differ from the HREE
profiles (Fig. 5b). HREE/LREE ratios (Figs. 4f and 5f)
vary from 10 to 100, with the highest ratios in the cores
and intermediate regions of the grains. Near the edges of
the inclusion-rich centers, HREE concentrations decrease
rimward but then increase in the intermediate portions
of the inclusion-free rims (Fig. 5b). HREE concentrations
in the cores are more than a factor of ten times higher
than the rim concentrations (Figs. 4b and 5b). Ti and V
concentrations are about 100 times higher in the cores
than at the rims (Fig. 5d). Cr and V zonations approxi-
mately parallel each other, with moderate enrichment in
the cores relative to the rims. Zr zoning varies among
samples (cf. Fig. 4d and 5d).

Chondrite-normalized REE plots for each analysis spot
of the trace element traverses display very depleted LREE
signatures throughout the garnet. Though the LREE sig-
natures are nearly the same, the HREE signatures are
variable. Garnet rim signatures have chondrite-normal-
ized HREE values that are smaller by more than a factor
of ten relative to those of the core signatures (Figs. 4c and
5¢).

Staurolite zone

The staurolite zone (STZ) is represented by two assem-
blages that differ primarily in the bulk Fe/Mg ratio. The
STZ1 assemblage includes the assemblage garnet + bio-
tite + muscovite + chlorite + plagioclase + quartz =+
cordierite + andalusite =+ staurolite + accessory minerals.
Garnet grains in the southern portion of the STZ1 assem-
blage are 40-100 um in diameter, euhedral, and contain
a small number of quartz inclusions. These grains are
isolated from each other, evenly dispersed throughout the
matrix, and have minor Mn zoning with variable rim
concentrations. Closer to the staurolite isograd, STZ1
garnet grains are euhedral and larger (800 um). The STZ1
garnet grains closest to the staurolite isograd have quartz
inclusion-rich cores and inclusion-free rims (50-75 um
thick). Mn zoning of STZ1 garnet grains is similar to the
Mn zoning of the GZ grains but is much less pronounced
(Fig. 6a). The STZ1 garnets are also surrounded by biotite
porphyroblasts with no reaction textures, whereas the
STZ1 garnet grains farther from the garnet zone reside in
the matrix not surrounded by biotite and within smaller
biotite porphyroblasts. Minor variolitic chlorite sprays
occur in an unoriented fashion relative to the dominant
foliation.

The STZ2 assemblage to the north of the HPG (sample
40), contains garnet that is up to 1.5 mm in diameter,
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Ficure 5. Representative rim-to-rim elemental zonation of
GZ garnet (sample 27). Open circles mark positions of SIMS
analyses and are the same for each element. Thick lines show
inclusion-rich region of crystal. (a) Major element zonation pro-
file determined by EMP at the same positions as the SIMS anal-
yses. (b) REE zonation profile. (¢) Chondrite-normalized REE
plot of individual SIMS analysis points. (d) Transition element
zonation profile. (e) Fe/(Fe + Mg) profile. (f) HREE/LREE pro-
file.

subhedral to euhedral, with monazite inclusions. STZ2
garnet has a few weight percent MnO and lacks zoning
(Fig. 7a). No reaction textures are apparent at garnet-
staurolite contacts. Ellipsoidal concentrations of biotite
surrounding quartz cores, 3—4 mm in length, occur in the
matrix as apparent pseudomorphs of previous porphy-
roblasts.

Garnet in the andalusite-bearing mineral assemblage
STZ1, west of the HPG, contains bell-shaped Y and HREE
zonation, though the concentrations drop to minimal
abundances about 100 um from the rims and then in-
crease toward the rims (Fig. 6b). Ti, V, and Cr zonation
is absent, though the elemental abundances decrease in
the outer 100 um of the garnet rims. The STZ2 garnet,
from north of the HPG where staurolite occurs in the
assemblage, has HREE zonation that is bell shaped (Fig.
7b) but with abundances that are more than a factor of
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FiGUuRE 6. Rim-to-rim elemental zonation of staurolite-zone
1 (STZ1) garnet (sample 16). Open circles mark positions of
SIMS analyses and are the same for each element. (a) Major
element zonation profile determined by EMP at the same posi-
tions as the SIMS analyses. (b) REE zonation profile. (¢) Chon-
drite-normalized REE plot of individual SIMS analysis points.
(d) Transition element zonation profile. (¢) Fe/(Fe + Mg) profile.
(f) HREE/LREE profile.

ten smaller than the abundances in the STZ1 garnet. The
HREE/LREE within individual STZ2 garnet grains rang-
es from about six at the rims to about 80 in the cores.
The variation in HREE/LREE (Fig. 7f) also shows up on
chondrite-normalized plots as the variation in the HREE
signatures (Fig. 7c). LREE, Ti, V, Cr, and Zr zonation is
absent in STZ2 garnet (Fig. 7), but LREEs, Y, and Zr are
slightly enriched in the cores of STZ1 garnet grains (Fig. 6).

Lower sillimanite zone

Garnet + biotite + sillimanite (fibrolite) + muscovite
+ quartz + plagioclase + accessory minerals make up
the lower sillimanite zone (SIZ; sample 1). The subhedral
garnet grains are 1-1.5 mm in diameter and contain dis-
persed inclusions of quartz. SIZ garnet is distinctly Fe-
rich with low Mn content and no major element zoning
(Fig. 8a). The modal percentage of garnet is low, and the
crystals are isolated and randomly distributed in the ma-
trix.

Trace element zonation is minimal (Figs. 8b and 8d).
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Ficure 7. Rim-to-rim elemental zonation of staurolite-zone
2 (STZ2) garnet (sample 40). Open circles mark positions of
SIMS analyses and are the same for each element. (a) Major
element zonation profile determined by EMP at the same posi-
tions as the SIMS analyses. (b) REE zonation profile. (¢) Chon-
drite-normalized REE plot of individual SIMS analysis points.
(d) Transition element zonation profile. (e) Fe/(Fe + Mg) profile.
(f) HREE/LREE profile.

Zonation profiles for REEs, Y, Cr, and V are flat in com-
parison with the lower grade assemblages; however, the
profiles are also asymmetric. In addition, Ti and Zr zo-
nation profiles are variable and not systematic, as they
are at lower grades, and abundances are higher on one
side of the cores (Fig. 8d). HREE/LREE (Fig. 8f) has an
asymmetric shape with oscillating abundances like that
of the Ti zoning, though there is not a direct correlation.
The chondrite-normalized signatures for each of the anal-
ysis points parallel one another, with minimal HREE
variation (Fig. 8c).

Summarizing the observations, as displayed by these
representative samples, major and trace element (includ-
ing the transition metals) zoning is prominent in the low-
er grade garnet and diminishes at higher grades. The
HREESs are more enriched than the LREEs and are most
enriched in the garmet cores, decreasing outward, but con-
tain inflections in the lower grade garnet. The HREE/
LREE decreases significantly from core to rim, which is
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also evident from a different perspective as higher vari-
ation in the HREE signatures on chondrite-normalized
REE plots of individual analysis points. The lower-silli-
manite-zone garnet has very little major or trace element
zoning.

DiscussioN

Compositional zoning of major and trace elements in
gamet is typically considered the result of one or more of
the following: (1) elemental fractionation during mineral
growth (e.g., Hollister 1966; Cygan and Lasaga 1982); (2)
slow reequilibration of cations by intracrystalline (vol-
ume) diffusion (e.g., Anderson and Buckley 1973); (3)
limitations at the mineral-matrix interface, such as lim-
ited intergranular diffusion of cations (e.g., Carlson 1989);
(4) interaction with a metasomatic fluid (e.g., Hickmott
et al. 1987; Young and Rumble 1993; Chamberlain and
Conrad 1993; Erambert and Austrheim 1993; Jamtveit
et al. 1993; Jamtveit and Hervig 1994); (5) the break-
down or growth of trace element-rich minerals (Hick-
mott and Spear 1992); or (6) changes in the garnet-min-
eral matrix partition coefficients because of changes in
temperature, pressure, garnet composition, or the num-
ber of mineral phases in the assemblage or their propor-
tions. These processes fall into two categories, those that
occur during crystal growth and those that modify crystal
chemistry after crystal growth. The majority of the pro-
cesses occur during crystal growth. Diffusional reequili-
bration is the only primary postgrowth process that leads
to zoning in minerals. In an extreme case, compositional
zoning can arise in garnet afler it has crystallized with a
homogeneous composition that is out of equilibrium with
the matrix. Because a chemical gradient exists between
the garnet and the surrounding matrix, often biotite-rich,
volume diffusion acts to reequilibrate the garnet com-
position with the matrix (e.g., Tracy et al. 1976). Diffu-
sion occurs as long as the temperature remains sufficient-
ly high (e.g., Lasaga 1983).

Effect of volume diffusion on zonation in
Black Hills garnet

Volume diffusion is unlikely to have played a signifi-
cant role in forming or modifying the compositional zon-
ing in the Black Hills garnet. No changes in major ele-
ment zoning occur near the garnet rims that are in contact
with biotite (e.g., Fig. 2), staurolite, or aluminosilicate,
which would suggest diffusional readjustment (cf. Tracy
1982; Lasaga 1983; Spear et al. 1991). If volume diffusion
were a significant process it should have smoothed the
inflections in the trace element concentrations, leading to
flatter profiles, unless the diffusion coefficients are signif-
icantly smaller for the trace elements than for the major
elements. Schwandt et al. (1995, 1996) experimentally
determined that Ca self-diffusion in grossular is about
one and one-half orders of magnitude slower than Mg
self-diffusion in pyrope. Tracy et al. (1992) inferred from
garnet from amphibolite-facies rocks that Ca diffusion
was slower than diffusion of Mg, Fe, and Mn. This dem-
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Ficure 8. Rim-to-rim elemental zonation of lower-silliman-
ite-zone (SIZ) garnet (sample 1). Open circles mark positions of
SIMS analyses and are the same for each element. (a) Rather
homogeneous, major element zonation profile determined by
EMP at the same positions as the SIMS analyses. (b) Irregular
and asymmetric REE zonation profile, (c) Chondrite-normalized
REE plot of individual SIMS analysis points. (d) Irregular and
variable transition element zonation profile. (e) Fe/(Fe + Mg)
profile. (f) HREE/LREE profile.

onstrates that mineral composition is an important pa-
rameter when considering diffusion and that larger cat-
ions tend to diffuse more slowly than smaller cations.
Because the trivalent rare earth elements are larger than
the divalent cations they substitute for (e.g., Shannon and
Prewitt 1969), their zoning profiles are unlikely to have
been affected by diffusional homogenization. However,
because the rare earth elements are trivalent, there is a
charge-balance problem that may be accommodated by
site vacancies, effectively enhancing the defect structure.
This could increase the rate of diffusion of the REEs rel-
ative to that of the divalent cations. Harrison and Wood
(1980) measured Sm diffusion coefficients for pyrope and
grossular garnet at temperatures above 1200 °C. Extrap-
olation of their high-temperature experimental data down
to metamorphic temperatures yields diffusion coefficients
that are a few orders of magnitude faster than the coef-
ficients experimentally determined for major elements.
However, caution in interpretation is advisable because
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different diffusion mechanisms are likely to operate in
each temperature range; therefore, it is unwise to rely on
such extrapolations (e.g., Lasaga 1981). It is interesting,
though, that the larger LREEs have fewer inflections in
their zoning than the smaller HREEs in the GZ garnet.

From the equation d = (4Dr)*, where d is distance, D
is the diffusion coefficient, and ¢ is time, one can get a
qualitative feel for the distances of diffusion over a given
period at a given temperature. Using the Mg self-diffu-
sion coefficients of Schwandt et al. (1995) and a temper-
ature of 600 °C, maximum diffusion distances range from
0.6 um for 10° yr to 5.7 um for 107 yr. Using the Ca self-
diffusion data of Schwandt et al. (1996), the maximum
diffusion distances are even smaller. Therefore, even with
long periods of elevated temperature the distance at which
diffusional reequilibration may have taken place is small-
er than the observed zoning.

In addition, profiles of the transition metals contain
significant concentration inflections (Figs. 4d, 5d, 6d, 7d,
and 8d), which are real but do not correlate with the
major element zoning. As a representative example, com-
parison of the Ti profile of sample 23 (Fig. 4d) and the
digital WDS Ti map of this sample (Fig. 2) revealed that
Ti zonation is actually irregular. The lower-sillimanite-
grade garnet (e.g., Fig. 8) has larger variations in transi-
tion-metal zoning. Given that this garnet was subject to
the highest grade conditions, where diffusion would have
been the most significant, the existence of transition-met-
al zoning is an argument against volume diffusion as an
important mechanism for the development of trace ele-
ment zoning in the XMS garnet. Also, there is insufficient
experimental or theoretical evidence to suggest that the
rates of diffusion of transition-metal cations through the
garnet structure are different from those of the major el-
ement cations.

Effect of growth on processes of zonation

Although zonation of the major and trace elements is
inconsistent with formation by reequilibration-related
volume diffusion, it is consistent with formation by one
or more growth processes. Profiles of the Fe/(Fe + Mg)
ratios in the garnet-zone garnet are core enriched and
decrease toward the rims (Figs. 4e and 5e). This has been
suggested to be an indication of gamet growth dictated
by a given garnet-producing reaction and increasing tem-
perature (Spear et al. 1991; Spear 1993). Interestingly, the
sample from the garnet zone closest to the staurolite is-
ograd (Fig. 5e) and the garnet crystals in the staurolite
and lower sillimanite zones (Figs. 6e, 7e, and 8¢) have
inflections in Fe/(Fe + Mg), which start from 50 to 200
um from the garnet rims and could indicate a change in
the garnet-forming reaction. However, in general, the Fe/
(Fe + Mg) profiles of all the crystals of garnet are some-
what variable, which suggests the profiles are the result
of a growth mechanism without subsequent reequilibra-
tion. This is consistent with garnet growth in the XMS
unit during heating and mild decompression (e.g., Helms
and Labotka 1991). Thus, the Fe/(Fe + Mg) profiles, the
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trace element profiles, and the euhedral garnet bound-
aries without reaction rims suggest that the zoning is the
result of growth mechanisms.

Major element zonation, especially Mn and Fe zona-
tion, is most consistent with a fractionation process dur-
ing garnet growth. As the Fe/(Fe + Mg) profiles for the
garnet-zone and some of the staurolite-zone garnet gently
decrease from core to rim and indicate no drastic changes
in temperature or pressure conditions (Spear et al. 1991;
Spear 1993), the bell-shaped Mn profiles result from de-
pletion of the matrix Mn by garnet that formed early,
leaving less Mn for later garnet as the modal amount of
garnet increased (Hollister 1966; Loomis 1975, 1976;
Trzcienski 1977; Woodsworth 1977; Cygan and Lasaga
1982; Spear et al. 1991). However, modeling of the Mn
profiles using the Rayleigh Fractionation approach of
Hollister (1966) and Cygan and Lasaga (1982) indicates
that the partitioning of Mn changed during garnet growth.
Use of a constant partition coefficient for Mn causes the
model zonation to begin the core-to-rim decrease much
earlier than the measured profiles (Schwandt 1991). The
measured Mn profiles of the XMS garnet (Figs. 4a and
5a) have high concentrations across much of the cores,
looking more like the profiles of inverted bowls than bells,
and cannot be modeled with a constant distribution co-
efficient. Also, smaller garnet grains in the same garnet-
zone matrix contain similar, though less pronounced,
zoning as adjacent larger garnet grains (Fig. 2).

Alternatively, Carlson (1989) suggested that the devel-
opment of Mn zoning can be explained by limited inter-
granular diffusion of Mn through the matrix. Garnet
growth is initiated and subsequently depletes the sur-
rounding matrix of Mn. Carlson (1989) suggested that
this process produces clusters of garnet within the matrix,
which are observed in the garnet zone. This model im-
plies that the diffusion rates of the various cations through
the matrix are quite different. In this case, the intergran-
ular diffusion of Mn would be significantly slower than
that of Mg, Fe, and Ca. The major element profiles (Figs.
4-8) do not provide sufficient evidence to distinguish be-
tween fractionation and inadequate intergranular diffu-
sion.

In contrast to the major element zonation, which con-
tains no concentration inflections, the concentration in-
flections present in the trace element zonation (Figs. 4—
8) are not directly explainable by a simple fractionation
process. The variations in trace element concentrations
from core to rim suggest that additional processes were
operating during garnet growth. Although the concentra-
tions of most of the trace elements decrease toward the
garnet rims, suggesting the operation of a fractionation
process, the concentration inflections of several elements
suggest (1) variations in element concentration at the gar-
net-matrix interface because of changes in intergranular
diffusion-related limitations, (2) reactions involving other
mineral phases that resulted in fluctuation of the garnet-
matrix bulk distribution coefficient during garnet growth,
or (3) influx of metasomatic fluids.
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The variable and asymmetric inflections in the zoning
of transition metals (Cr, Ti, V, and Zr; Figs. 4-8), es-
pecially in garnet from the staurolite and lower silliman-
ite zones, provide additional clues about which mecha-
nisms were important. The transition metals, especially
Cr and V, have high crystal-field stabilization energies,
which cause them to be more stable in distorted crystal-
structure sites and to be very resistant to substitution
reactions that result in relative enrichment in remnant
precursor minerals (Burns 1993). Given this, if mineral-
in or mineral-out reactions that utilize the transition met-
als as principle or minor components had occurred dur-
ing garnet growth, then the zonation of transition metals
should be minimal and symmetric about the garnet cores
and contain few concentration inflections. Cr and V zo-
nation in the garnet and staurolite zones is symmetric and
contains few inflections, but in the lower sillimanite zone
the zonation is variable and asymmetric, perhaps as the
result of staurolite and ilmenite breakdown.

Variations in Zr zonation can be explained by equilib-
rium growth of zircon during garnet growth. In GZ sam-
ple 23 (Fig. 4), Zr concentration is low, and without zo-
nation in the central portion of the garnet, but increases
toward the garnet rims by more than a factor of ten, sug-
gesting that zircon was no longer buffering Zr concentra-
tion. In the other samples, the Zr zonation profiles con-
tain many concentration inflections, suggesting that Zr
was not being consistently buffered by zircon even though
it occurs in the matrix.

Alternatively, the lack of core-to-rim symmetry and
the numerous inflections in the zonation suggest that the
concentrations of transition metals did not remain every-
where constant at the growing garnet-matrix interface.
This is best explained by limited and variable intergran-
ular diffusion of the transition metals during gamet
growth. Other alternative explanations such as changes
in the mineral assemblage, which would affect the parti-
tioning, are unlikely because the assemblage remains the
same except for the occurrence of staurolite and andalu-
site or sillimanite. There is no clear correspondence be-
tween the zonation of transition metals in the garnet and
the presence or proximity of staurolite or aluminosilicate.
Limited or variable intergranular diffusion during garnet
growth also accounts for the differences in zoning among
garnet samples. For instance, the profiles of zonation of
transition metals in the two garnet-zone samples (Figs.
4d and 5d) are rather different, as are those of the stau-
rolite-zone samples (Figs. 6d and 7d). Such disparate
variations are difficult to explain by the appearance and
disappearance of other phases rich in trace elements, es-
pecially when there is little evidence for their presence at
any point during the development of the XMS unit. In
addition to variable intergranular diffusion and bulk par-
tition coefficient changes resulting from changes in the
matrix assemblage, the introduction of metasomatic flu-
ids is an alternative explanation.

It is well documented that many trace element-rich
pegmatites occur around the HPG (Duke et al. 1988;
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Shearer et al. 1992). Also, the bulk-rock chemistry of the
XMS unit is enriched with large ion lithophile elements
such as Cs and Rb (Schwandt 1991) by two times relative
to the average crust, as determined by Taylor and Mc-
Lennan (1981). Therefore, the increase in HREE concen-
trations about two-thirds of the distance from the core to
the rim of the GZ garnet (Fig. 5) could be the result of
the influx of a metasomatic fluid rich in HREEs (e.g.,
Hickmott et al. 1992) during garnet growth. Although it
is possible that REE-rich metasomatic fluids interacted
with the XMS unit of the Black Hills, the present evi-
dence does not conclusively conclude that the trace ele-
ment zoning inflections resulted from interaction with an
REE-enriched metasomatic fluid.

Other possible causes of zonation

Although fractionation and variable intergranular dif-
fusion processes may account for some aspects of the trace
element zonation, they do not account for all aspects.
Interestingly, the fact that the zoning profiles of the LREEs
do not parallel the profiles of the HREEs in individual
garnet grains (Figs. 4-7) suggests that the bulk garnet-
matrix partition coefficients, particularly for the HREEs,
changed during garnet growth. This is strongly supported
by both the variability of the HREEs as depicted by the
chondrite-normalized signatures and by the variable
HREE/LREE (Yb/Sm) profiles across the garnet. The gar-
net cores are much more enriched with HREEs than the
garnet rims. The LREE signatures for cores and rims have
very similar chondrite-normalized signatures.

HREE partitioning may be more dependent on the ma-
jor element composition of the garnet and only indirectly
dependent on temperature and pressure. Specifically, gar-
net that contains high concentrations of Mn, and to a
lesser extent Ca, in the core also has enhanced HREE
content relative to LREE content in the core (Figs. 4-6).
Garnet that is Fe rich has the same HREE/LREE from
core to rim, as shown by the chondrite-normalized sig-
natures (Fig. 8). Larger mole proportions of grossular and
spessartine in the garnet structure enhance the compati-
bility of the light and heavy rare earth elements, respec-
tively, as was previously observed by Schwandt et al.
(1993). Larger major element cations in the eightfold-
coordinated site of the garnet structure provide a more
open structure that allows for more substitution of larger
trace element cations (Novak and Gibbs 1971). Similar
correlations of REE content with the Ca content have
been observed in pyroxene (Shearer et al. 1989) and in
pyroxene element-partitioning experiments (McKay et al.
1986; McKay 1989). Therefore, trace element partition-
ing is influenced by garnet composition and in this case
affects the HREE/LREE in Mn-rich garnet cores. In Ca-
rich rocks, Hickmott and Spear (1992) observed both
positive and negative correlations of REE content with
grossular component, depending on the bulk-rock com-
position and the presence of trace element-rich phases
like clinozoisite.

In the present work, the strong core-to-rim decreases
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in HREE/LREE correlate best with decreasing Mn con-
centrations (Figs. 4-8). Some of the inflections in the rim-
ward portions of the garnet (Figs. 4, 5, and 8) could be
the result of the breakdown of HREE-bearing matrix
phases (e.g., Hickmott and Shimizu 1990; Hickmott and
Spear 1992), but the overall core-to-rim decreases in
HREE and HREE/LREE are best explained by a decreas-
ing, compositionally dependent, HREE partition coeffi-
cient. The Hickmott and Spear (1992) work demonstrates
the dependence of trace element partitioning on bulk-
rock composition and phase assemblage. The present
work, using a homogenous bulk composition, demon-
strates the importance of garnet composition, which is a
function of temperature and pressure, on trace element
partitioning.

Ideally, it would be preferable to measure the trace
element compositions of all the assemblage minerals.
However, ion microprobe standards are available for only
a few minerals. As more standards are characterized, the
ability to determine more about the partitioning of trace
elements in metamorphic systems will increase. Although
this investigation of the XMS unit does not uncover pro-
found new mechanisms that led to its development, the
study does suggest that major and trace element zoning
formed by growth processes and that elemental mobility
within the XMS unit was perhaps limited. Thus, while
thousands of pegmatites occur in the schists surrounding
the Harney Peak Granite, metasomatic fluid flow through
the XMS does not appear to have been significant during
garnet growth. This contrasts with recent research on
zoned minerals by others (e.g., Erambert and Austrheim
1993; Jamtveit and Hervig 1994) that suggests greater
influence of metasomatic fluids. More important, how-
ever, this study provides further groundwork for the in-
corporation of trace element analysis into the study of
metamorphic petrogenesis.
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APPENDIX TABLE 1. Garnet compositions: major element oxide (wt%) by EMP and trace elements (ppm) by SIMS

Garnet-zone
Garnet-zone sample 23 SIMS traverse points sample 27
Sio, 37.38 37.60 36.83 37.78 37.47 38.77 37.73 39.26 37.25 37.42
ALO, 22.26 22.00 21.98 21.44 21.32 21.32 21.53 22.04 20.89 20.99
MgO 244 2.07 1.73 1.41 1.46 1.69 2.06 2.38 2.4 246
FeO 34.79 32.53 28.91 26.33 26.22 28.14 31.63 34.66 35.37 34.15
MnO 4.57 7.59 9.98 13.94 13.95 11.67 8.55 5.13 4.02 4.75
Ca0 1.09 1.30 1.96 2.76 2.07 2.36 1.25 1.18 1.06 1.01
TiO, 0.01 0.00 0.03 0.07 0.16 0.18 0.00 0.02 0.03 0.02
Total 102.53 103.09 101.41 103.73 102.65 104.12 102.75 104.66 101.02 100.80
Distance (um) 58 108 158 275 442 583 708 758 17 33
La 0.009 0.012 0.126 0.005
Ce 0.007 0.035
Nd 0.100 0.123 0.158 0.275 0.590 1.802 0.200 0.188 0.232
Sm 1.510 1.350 2.101 1.685 2.375 7.950 1.541 2.115 2.048 2475
Eu 0.785 0.736 1.588 1.452 2.126 8.127 1.311 0.983 1.207 1.456
Dy 23.421 45.742 155.309 67.853 132.525 172.476 78.753 17121 31.002 48.937
Er 6.456 14,297 90.018 52.488 167.476 106.177 23.864 4.561 7.250 12.195
Yb 9.422 18.341 99.192 46.652 243.692 93.845 25.686 7.515 10.670 16.346
Ti 82.6 125.3 315.3 1037.8 326.9 1096.9 134.1 115.8 76.9 105.3
\ 23.5 31.3 44.8 89.5 16.6 74.7 40.8 36.0 78.0 98.7
Cr 127.2 162.0 181.6 241.2 238.6 181.1 158.8 1723 197.6
Y 42.0 392.2 914.5 672.2 322.7 346.4 477.6 67.3 747 213.6
Zr 27.0 27 5.5 8.7 45 79.0 7.7 6.9
Garnet-zone sample 27
Si0, 36.75 36.75 37.10 37.16 36.61 37.70 37.10 37.38 37.45 37.88
AlL,O, 20.61 20.46 20.45 20.48 20.57 20.36 20.52 20.99 20.83 20.92
Mgo 2.32 2.09 1.80 1.53 1.20 1.36 1.87 2.06 2.33 2.59
FeO 32.69 30.77 29.41 27.04 24.53 26.43 29.45 30.80 33.10 34.45
MnO 6.33 7.35 8.79 10.93 13.50 12.85 9.21 8.58 6.49 435
Ca0 1.52 2.32 2.46 2.43 2.58 2.59 211 1.47 1.16 1.08
TiO, 0.02 0.04 0.06 0.08 0.12 0.15 0.06 0.05 0.01 0.03
Total 100.24 99.77 100.08 99.64 99.11 101.45 100.32 101.34 101.37 101.32
Distance (um) 61 95 122 267 361 417 464 489
La 156 445
Ce 0.432
Nd 0.101 0.834 1.401 0.779
Sm 1.252 4.697 3.370 3.982 8.707 9.612 6.591 1.828 1.351 2.867
Eu 1.650 3.808 2.566 3.695 5.246 5.207 5.629 1.784 0.575 1.383
Dy 176.495  265.995 122.647 91.163 467.906 562.814 228.404  264.342 36.460 33.690
Er 78.993  108.555 74.014 42.837 380.994 471.591 143.097  275.610 14.183 4.697
Yb 65.247 85.037 70.383 34.567 353.138 410.458 126.288  236.636 15.295 6.576
Ti 117.2 502.0 1150.0 44625.9 29722.3 4849.8 882.2 251.0 64.2 150.9
A 86.0 109.7 196.9 741.5 709.7 465.5 282.7 154.1 80.2 145.2
Cr 243.2 79.4 360.9 7243 765.7 651.8 348.2 299.2 3444 259.8
Y 1510.1 610.2 606.5 341.2 3531.1 1315.3 1187.4 960.6 401.0 94.6
Zr 4.3 6.1 6.1 21.1 1185.5 261.6 97.0 134 6.5 19.7
Staurolite-zone sample 16
Sio, 37.29 37.56 36.43 36.99 37.15 36.53 36.56 37.15 37.28 36.31
Al,O, 20.72 20.85 20.43 20.02 20.2 20.41 20.12 20.58 20.27 20.27
MgO 3.04 3.26 3.04 2.14 2.36 2.46 2.78 3.25 3.18 3.39
FeO 25.06 24.96 23.23 19.9 19.88 20.48 21.35 24.03 241 24.62
MnO 12.58 12.64 13.7 15.71 15 14.86 13.33 13.38 12.55 12.31
Ca0 1.32 1.83 2.33 4.2 3.5 3.38 3.34 1.48 2.31 2.3
TiO, 0.02 0.03 0.07 0.12 0.08 0.08 0.12 0.07 0.1 0.08
Total 100.01 101.13 99.24 99.08 98.16 98.2 97.59 99.94 99.79 99.27
Distance (um) 5 20 80 165 260 330 430 560 640 670
La 38.673 64.256 11.980
Ce 76.980 133.020 37.025
Nd 0.353 0.360 0.145 0.580 24.706 47.386 20.671 0.501 0.305 0.327
Sm 0.437 1.983 1.024 1.217 5.992 11.336 3.117 0.812 1.420 1.016
Eu 0.745 1.264 0.765 0.862 1.144 1.649 0.702 0.347 0.890 0.805
Dy 128.855 163.790 79.936 196.915 1000.000 701.000 593.600 305.236 162.536 67.472
Er 99.588 107.624 53.961 212.145  2602.000 3228.000 2651.000 1099.000 171.017 41.960
Yb 70.256 99.218 52.489 199.703  2413.000 4723.000 4141.000 1093.000 188.639 41.931
Ti 2777.0 99.3 479.4 956.1 734.9 692.4 592.2 475.9 812.7 467.1
\ 113.2 33.4 71.3 7741 82.4 771 74.3 771 72.9 67.2
Cr 165.4 121.2 143.7 139.1 152.4 132.4 82.1 117.8 121.0 137.8
Y 4745 688.0 217.6 1225.3 9493.1 8710.2 6424.9 42479 1099.5 2275
Zr 25.7 83.9 15.8 293.6 540.5 176.9 415 31.0 5.6 29.4
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APPENDIX TABLE 1.—Continued
Staurolite-zone
sample 16 Staurolite-zone sample 40

SiO, 36.8 36.68 36.87 36.55 37.08 37.07 37.54 36.80 36.35 36.84
AlLO, 20.32 21.02 20.79 20.54 20.90 20.84 20.84 20.40 20.73 20.62
MgO 3.35 3.19 217 244 2.37 2.23 2.22 2.21 2.21 2.19
FeO 24.49 24.78 34.82 33.85 33.34 33.42 33.10 33.22 32.63 32.05
MnO 12.09 12.54 3.62 3.89 4.13 4.96 5.12 5.09 4.96 4.91
Ca0 2.36 1.28 0.99 1.29 1.48 1.66 1.55 1.64 1.75 1.70
TiO, 0.13 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

Total 99.55 99.5 99.26 98.56 99.30 100.17 100.37 99.37 98.63 98.32
Distance (um) 700 750 57 114 157 27 357 471 586 671
La 4.857
Ce 8.238
Nd 0.204 0.083 1.966 0.262 0.175 0.142
Sm 1.497 0.572 0.498 0.733 0.575 0.512 0.589 0.494
Eu 1.079 0.555 0.549 0.474 0.350 0.286 0.201 0.312
Dy 51.672 220.885 6.611 0.281 19.755 45.980 55.932 52.437 37.694 63.904
Er 29.128 223.594 1.599 0.188 4.544 17.738 42.025 38.369 31.747 50.817
Yb 29.566 203.152 1.645 5.224 10.642 31.104 29.976 25.608 38.917
Ti 102.7 1161 117.8 189.6 201.1 154.4 104.7 150.7 173.9
\' 66.5 26.2 38.3 50.4 61.4 70.0 58.7 36.3 57.3 63.0
Cr 133.3 103.7 110.7 134.7 130.1 136.4 139.0 86.9 121.9 139.7
Y 126.5 708.6 95.9 220.2 332.3 1844.9 22775 8743 2251.0 2415.6
Zr 5.6 137.3 15.5 13.1 25.1 19.7 8.1 8.3 101

Staurolite zone sample 40 Lower-sillimanite-zone sample 1

Sio, 36.82 36.85 36.92 36.86 36.52 37.32 37.07 36.52 37.39
AlLO, 20.64 20.51 20.96 20.60 20.97 21.96 21.47 21.44 21.54
MgO 2.23 2.33 2.32 2.38 2.20 2.09 2.27 2.39 24
FeO 33.00 33.61 34.75 34.85 34.69 34.63 34.46 34.2 34.2
MnO 4.59 4.29 3.62 3.36 3.28 45 432 4.25 4.22
Ca0 1.74 1.75 1.66 1.55 1.29 1.16 1.25 1.34 1.3
TiO, 0.00 0.00 0.00 0.00 0.00 0.05 0.06 0.01 0

Total 99.02 99.35 100.23 99.61 98.94 101.72 100.88 100.15 101.15
Distance (um) 814 914 1057 1114 1157 87 349
La 262
Ce 175
Nd 0.189 0.211 0.033 0.022 0.026 0.050
Sm 0.631 0.353 0.457 0.308 0.324 0.210 0.223 0.315 0.507
Eu 0.419 0.344 0.442 0.256 0.112 0.130 0.212 0.250
Dy 62.411 34.767 18.324 8.280 8.350 33.071 42,214 55.292 49.551
Er 37.431 15.768 4.261 2.641 2.783 16.989 31.594 43.617 31.466
Yb 24.461 10.268 3.990 3.872 3.931 18.182 41.930 56.442 38.571
Ti 157.2 1111 169.3 163.8 122.6 36.3 35.2 21 93.4
\ 61.2 66.8 69.1 40.1 38.5 35.9 34.6 32.6 59.5
Cr 138.3 146.3 165.4 103.3 110.9 146.1 71 68 220.2
Y 1712.3 1068.4 379.8 169.2 190.8 1372.4 1593.4 1284 2061.1
Zr 22.9 141 8.3 26.3 15.0 3.8 35 3.2 28.4

Lower-sillimanite-zone sample 1

SiO, 36.92 37.54 37.44 37.44 38.05 37.21 37.97 37.94 37.78
Al,O, 21.57 21.61 21.76 22 21.82 21.86 21.49 21.77 21.6
MgO 2.35 2.41 2.37 2.32 2.25 2.32 2.29 2.36 2.21
FeO 34.74 34.25 34.54 34.44 35.66 35.84 34.84 35.78 35.79
MnO 433 4.26 4.63 4.63 4.64 472 4.69 476 4.84
CaO 1.33 1.36 1.48 1.52 1.27 117 1.16 1.13 0.9
TiO, 0.08 0 0.02 0.05 0.01 0.01 0.01 0.02 0

Total 101.31 101.42 102.2 102.41 103.69 103.12 102.43 103.76 103.12
Distance (zm) 492 587 722 828 1039 1071 1095 1143 1238
La
Ce
Nd 0.024 0.029 0.068 0.039 0.082 0.068 0.064 0.071 0.088
Sm 0.331 0.331 0.825 0.751 0.851 0.676 0.638 0.348 0.291
Eu 0.192 0.183 0.461 0.398 0.515 0.385 0.439 0.286 0.196
Dy 47.772 54.357 138.000 88.824 149.864 138.925 195.858 158.248 98.148
Er 42.506 43.113 130.163 79.776 141,136 124.570 198.550 176.976 99.927
Yb 61.144 52.750 150.457 102.057 169.951 141.165 223.943 201.176 105.461
Ti 15.7 722.9 494 23019 684.2 34.6 20.3 15.3 10.9
\ 442 50.1 49.3 108.9 64.4 421 26.6 275 23
cr 102 164.2 144.9 296.5 236.6 109.9 57 89.8 49.6
Y 1795.9 1967.2 2114.7 1729.6 671.2 1954.9 1548.1 14711 1042.6
Zr 47 30.3 8.1 7.8 7.5 5.3 12.8 6.6




