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Geochemical behavior of zirconium during Cl-rich fluid or melt
infiltration under upper amphibolite facies metamorphism

— A case study from Brattnipene, Ser Rondane
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The appropriateness of Zr as an ‘immobile element’ during garnet-hornblende (Grt-Hbl) vein formation poten-
tially caused by the Cl-rich fluid or melt infiltration under upper amphibolite facies condition is examined. The
sample used is a Grt-Hbl vein from Brattnipene, Ser Rondane Mountains, East Antarctica that discordantly cuts
the gneissose structure of the mafic gneiss.

Modal analysis of the wall rock minerals combined with the quantitative determination of their Zr contents
reveals that most of the whole-rock Zr resides in zircon whereas ~ 5% is hosted in garnet and hornblende. The
Zr concentration of garnet and hornblende is constant irrespective of the distance from the vein. Zircon shows
no resorption or overgrowth microstructures. Moreover, the grain size, chemical zoning (CL, Th/U ratio and
REE pattern) and rim ages of zircon are also similar irrespective of the distance from the vein. LA-ICPMS U-
Pb dating of zircon rims does not give younger ages than the granulite facies metamorphism reported by
previous studies. All of these detailed observations on zircon support that zircon is little dissolved or over-
grown, and that Zr is not added nor lost during the Grt-Hbl vein formation. Therefore, Zr can be described as an
appropriate ‘immobile element’ during the Grt-Hbl vein formation. Detailed microstructural observation of

zircon is thus useful in evaluating the appropriateness of Zr as an immobile element.
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INTRODUCTINON

In order to estimate a relative mass addition/loss during
metasomatism and weathering, methods such as isocon
analysis (e.g., Grant, 1986) and calculation of the frac-
tional mass change (Ague, 2003) are proposed. In these
methods, at least one ‘immobile element’ must be deter-
mined as a reference element (e.g., Olsen and Grant,
1991; Whitbread and Moore, 2004; Mori et al., 2007).
The ‘immobile element’ should be carefully selected
based on supporting evidence and not simply assumed,
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because whether and how much of other elements are
added or lost greatly depends on this selection. In many
previous studies, elemental immobility was established
by using a bootstrap estimation (Ague and Van Haren,
1996) or by using petrological and mineralogical micro-
structures as evidence (e.g., Gao et al., 2007; Mori et al.,
2007). As a result, Zr, Nb, Y, Hf, and Th are often de-
scribed as immobile elements (Gao et al., 2007). These
elements could be stored in minerals difficult to be dis-
solved by hydrothermal fluids in the case of high-grade
metamorphic rocks.

Most of the whole-rock Zr in crustal rocks is hosted
in zircon (Hermann, 2002; Dill, 2010). Zircon is less sus-
ceptible to secondary alteration in the presence of fluids
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Figure 1. Simplified geological map of the Ser Rondane Mountains (after Shiraishi et al., 2008; Osanai et al., 2013; Toyoshima et al., 2013;
Ishikawa et al., 2013; Higashino et al., 2013b). Detailed geological and tectonic explanation can be found in Osanai et al. (2013) and

Toyoshima et al. (2013).

compared to other rock-forming minerals (Rubin et al.,
1993; Ayers and Watson, 1991; Taylor et al. 2014). This
would be the reason Zr is often selected as being an ‘im-
mobile element’. However, an experimental study by
Harlov and Dunkley (2011) concluded that zircon can
be dissolved in fluids depending on fluid compositions
and pressure-temperature (P-T) conditions. Zircon can
also be altered by Cl-rich brines during high-7" metamor-
phism (Dunkley, 2010). Therefore, in mass transfer anal-
ysis, it is important to select appropriate ‘immobile ele-
ments’ for each sample, taking into account the micro-
structures of rock-forming minerals and petrographic ob-
servations (Olsen and Grant, 1991).

In Brattnipene, central Ser Rondane Mountains,
East Antarctica, ~ 1 cm-thick garnet-hornblende (Grt-
Hbl) veins discordantly cut the gneissose structure of
the wall rock (Higashino et al., 2013a). Infiltration of
Cl-rich fluid or melt is inferred in this sample, because
major and trace element compositions of minerals in the
vein and the wall rock, including CI content in biotite and
hornblende, systematically change with distance from the
vein center (Higashino et al., 2013a). Using this sample,
this study firstly shows that zircon hosts most of the
whole-rock Zr. Secondly, we discuss the appropriateness

of Zr as an ‘immobile element’ in the wall rock, based on
the detailed microstructural observations, chemistry of
Zr-hosting minerals, and the U-Pb ages of zircon. Min-
eral abbreviations are after Kretz (1983).

GEOLOGICAL SETTING

The Ser Rondane Mountains (SRM; 22°-28°E, 71.5°-
72.5°S), eastern Dronning Maud Land, East Antarctica
are dominated by granulite facies metamorphic rocks
and granitoids (Shiraishi et al., 1991; Asami et al,
1992). The SRM is thought to be a part of the collision
zone between East and West Gondwana during the East
African-Antarctic Orogen (Jacobs and Thomas, 2004)
and is also interpreted to be in the hanging wall of a
mega-nappe complex involving continental collision be-
tween northern and southern Gondwana (Grantham et al.,
2013) during the Kuunga Orogeny of Meert (2003). The
SRM have been divided into the NE terrane and the SW
terrane by a mylonite zone named the Main Tectonic
Boundary that dips gently to the north and northeast
(Osanai et al., 2013) (Fig. 1). The NE terrane rocks re-
cord clockwise P-T paths, whereas the SW terrane rocks
record counter-clockwise P-T paths (Osanai et al., 2013).
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For further detailed geological and tectonic explanation,
see Osanai et al. (2013) and Toyoshima et al. (2013).

In northern Brattnipene, which belongs to the SW
terrane, peak metamorphic P-T7 conditions are estimated
to be ~ 800 °C and ~ 0.70-0.85 GPa (Shiraishi and Ko-
jima, 1987; Adachi et al., 2013a), and a counter-clock-
wise P-T path is proposed (Adachi et al., 2013a). Previ-
ous SHRIMP U-Pb zircon dating of an enderbitic
orthogneiss from northwestern Brattnipene gave an igne-
ous protolith age of 951 + 17 Ma, and a granulite-grade
metamorphic age of 602 + 15 Ma (Shiraishi et al., 2008).
From northwestern Brattnipene, SHRIMP U-Pb zircon
ages of an orthopyroxene-clinopyroxene (Opx-Cpx) fel-
sic gneiss and an undeformed pegmatite vein which in-
trudes the Opx-Cpx felsic gneiss are also reported
(Adachi et al., 2013b). The weighted mean 2°Pb/>38U
age of unzoned, bright-cathodoluminescence (bright-
CL) zircon domains from the Opx-Cpx felsic gneiss gave
627 £ 15 Ma, and was interpreted as the timing of meta-
morphism (Adachi et al., 2013b). Timing of the pegma-
tite intrusion, on the other hand, was dated to be 546 + 4
Ma (weighted mean 2YPb/*’°Pb age; Adachi et al.,
2013b).

The Cl-rich mineral distribution can be traced for
~ 200 km from the east to the west of the SRM (Higashi-
no et al., 2013b) (Fig. 1). Higashino et al. (2013b) report-
ed that the Cl-rich fluid or melt activity affected biotite
and apatite in pelitic gneisses, during early retrograde
metamorphism near the peak metamorphic P-T condition
of ~800 °C and ~ 0.8 GPa at Balchenfjella, eastern SRM.
Magmatic hornblende has also been reported to show rel-
atively high halogen contents in some granitoids in the
SRM. Li et al. (2007) reported hornblende with 1.15-1.23
wt% F and 0.28-0.32 wt% ClI from the Dufek granite, and
hornblende with 0.25-0.43 wt% F and 0.31-0.41 wt% Cl
from the Pingvinane granite.

ANALYTICAL METHODS

Quantitative analysis, and X-ray elemental mapping of
minerals, and CL imaging of zircon were performed us-
ing a JEOL JXA-8105 superprobe equipped with Hama-
matsu Photonics high voltage power supply C9525 and
photon counting unit C9744 at Kyoto University. Analyt-
ical conditions for quantitative analyses were an acceler-
ating voltage of 15.0 kV and a beam current of 10 nA
with a probe diameter of 3 pm. Counting time for the
peak and backgrounds were 30 s and 15 s for Cl, 60 s
and 30 s for F, and 10 s and 5 s for other elements, re-
spectively. Natural and synthetic minerals were used as
standards and a ZAF correction method was applied. An-
alytical conditions for X-ray elemental mapping were an

accelerating voltage of 15.0 kV and a probe current of 60
nA with a focused beam to defocused beam having a di-
ameter of 10 pm.

In situ U-Pb zircon dating on thin section samples
by a laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS) was carried out using a Nu Plasma
II HR-MC-ICPMS coupled to a NWR Femto femtosec-
ond laser-ablation system (Hirata and Nesbitt, 1995; Ii-
zuka and Hirata, 2004). Backscattered electron (BSE)
and CL images were obtained prior to the analyses to
identify spot positions, overlapping multiple growth
zones, grain edges, cracks or damaged zircon grains.
Data were processed and plotted using Isoplot 4.13 (Lud-
wig, 2008). In situ LA-ICPMS analyses of rare earth el-
ements (REE) and trace element concentrations of zircon,
garnet, hornblende, orthopyroxene, biotite, plagioclase
and apatite were performed by an iCAP-Qc quadru-
pole-based ICPMS coupled with a NWR Femto femto-
second laser-ablation system or a NWR-193 ArF Exci-
mer laser-ablation system (Hirata and Kon, 2008; Sakata
et al.,, 2014). Analytical conditions for the LA-ICPMS
analyses are summarized in supplementary Tables S1 and
S2 (Tables S1 and S2 are available online from http://
doi.org/10.2465/jmps.150220.). All of the above analyses
were done at Department of Geology and Mineralogy,
Kyoto University.

Concentration of whole-rock Zr was determined us-
ing solution ICPMS at Tohoku University. Rock powders
were prepared in a tungsten-carbide mill at Kyoto Uni-
versity and samples were prepared by acid digestion after
alkali fusion. Indium was used for an internal standard
(Yamasaki, 1996; Yamasaki et al., 2013).

SAMPLE LOCALITY

At Brattnipene, mafic lithologies are commonly interca-
lated with pelitic lithologies, intermediate hornblende
gneisses, marble, and locally contain peridotite and py-
roxenite lenses. The gneissose structure of the host gneiss
is discordantly cut by a network of cm-thick Grt-Hbl
veins. The vein consists of garnet and hornblende that
are coarser-grained than the host mafic gneiss (Fig. 2a).
Sample TK2009121002C, used in this study contains a
Grt-Hbl vein which cuts mafic gneisses (Grt-Opx-Hbl
gneiss) and was collected from a layered sequence of maf-
ic gneisses in northwestern Brattnipene during 51 Japan
Antarctic Research Expedition (JARES1) (Tsuchiya et al.,
2012) (Fig. 1). The sample locality of TK2009121002C
is ~ 700 m SE from that of the enderbitic orthogneiss
whose metamorphic age was estimated to be 602 + 15
Ma (Shiraishi et al., 2008), and ~ 190 m SE from that
of the Opx-Cpx felsic gneiss whose metamorphic age
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Figure 2. (a) Slab photo of the Grt-Opx-Hbl gneiss (sample TK2009121002C) used in this study. About 1 cm-thick Grt-Hbl vein discordantly
cuts the gneissose structure. (b) Photo of a thin section of boxed area in (a). A Grt-Hbl vein consists of coarse-grained garnet and horn-
blende. Plane polarized light (PPL). (c) X-ray elemental map of Ca of boxed area in (b). The Ca-poor domain of garnet is abundant near the
vein. (d) X-ray elemental map of Na of boxed area in (b). The Na-richer rim of plagioclase gets thinner with distance from the vein center.
(e) Photomicrograph of boxed area in (b), which corresponds to the area from the vein center to the wall rock. Orthopyroxene is absent in
the vein. Note the continuous gneissose structure preserved as biotite arrangements included in the vein-forming garnet. PPL. (f) Photo-
micrograph of the area ~ 3 cm away from the vein center. Garnet and orthopyroxene is present. Quartz is rarely present. PPL. (g) Variation in
hornblende and garnet composition as a function of distance from the Grt-Hbl vein center. Chlorine and Pb concentration of hornblende
decreases with distance from the vein center. Dotted line shows an approximate line defined for Zr concentration of hornblende.
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was estimated to be 627 + 15 Ma (Adachi et al., 2013b).

SAMPLE DESCRIPTION OF THE GRT-OPX-HBL
GNEISS WITH A GRT-HBL VEIN

The studied Grt-Hbl vein (~ 1 cm-thick) consists of gar-
net, hornblende, biotite, plagioclase and quartz. It dis-
cordantly cuts the gneissose structure of the host (or the
wall rock) Grt-Opx-Hbl gneiss (Figs. 2a and 2b). The
Grt-Hbl vein is orthopyroxene-free (Fig. 2¢). In the host
gneiss, orthopyroxene is present in addition to garnet,
hornblende, biotite, and plagioclase with rare quartz
(Fig. 2f). This sample also contains accessory minerals
of zircon, sulfide, ilmenite, iron oxide, and secondary Fe-
hydroxide. Garnet is slightly zoned and has almandine-
rich compositions both in the vein (Alms;-gPrpi9-2s
Grsy5-19Spsy 3; Xmg = 0.24-0.30) and away from the vein
(Alm5g_63Prp20_24Grs14_1gSpsz_3; XMg = 024—028) Calci-
um-rich domains in garnet become dominant with dis-
tance from the vein (Fig. 2c). Hornblende and biotite
compositions at the vein center are 2.0 wt% CI and
Xwmg = 0.49, and 1.1 wt% Cl and Xy, = 0.61, respective-
ly. Plagioclase is andesine to labradorite and is chemical-
ly zoned (Angs-g9). Sodium-rich rim of plagioclase gets
thinner with distance from the vein (Fig. 2d). The mineral
assemblage in the vein is typical of upper amphibolite
facies P-T conditions.

With distance from the Grt-Hbl vein center, the Cl
concentration of hornblende and biotite decreases and be-
comes constant at ~ 1.6 cm away (Fig. 2g). The Pb con-
centrations of hornblende, biotite and plagioclase de-
crease as well and become constant at ~ 3.6 cm. Figure
2g shows decreasing CI and Pb concentrations in horn-
blende. These observations imply that the Grt-Hbl vein
formation altered wall rock mineral compositions up to
~ 3.6 cm from the vein center.

In situ Zr analysis of minerals and whole-rock Zr
concentration

In situ LA-ICPMS analysis of garnet, hornblende, ortho-
pyroxene, biotite, plagioclase and apatite was performed
to determine their Zr concentration (Table 1). In measur-
ing the Zr concentration of garnet, geometric cores and
rims were analyzed over a distance from the vein center,
in order to evaluate the chemical zoning in Zr. As a result,
garnet showed almost constant Zr concentration (~ 3
ppm) irrespective of the location in the grain and of the
distance from the vein (Fig. 2g). Although the Cl concen-
tration of hornblende decreases away from the vein, ma-
jor element zoning within each hornblende grain was not
observed. The Zr concentration of hornblende is almost

Table 1. Zirconium concentration in major and accessory
. * . Kk
minerals” and slices 1-4

Mineral Zr (ppm)
Grt 28+13 (n=19,20)
Opx 0.8+£0.2 (n=13,20)
Hbl 26.3+2.9 (n=26, 20)
Bt 0.8+ 0.6 (n=14, 20)
Pl b.d.
Ap b.d.
Whole-rock analysis Zr (ppm)
Slice 1 (Grt-Hbl vein) 45.6
Slice 2 53.2
Slice 3 55.1
Slice 4 57.6

* Determined by LA-ICPMS.

** Determined by ICPMS.

Grt, garnet; Opx, orthopyroxene; Hbl, hornblende; Bt, bio-
tite; Pl, plagioclase; Ap, apatite.

b.d., below detection limit.

constant (~ 26 ppm), irrespective of the location in the
grain and of the distance from the vein (Fig. 2g). The Zr
concentration of orthopyroxene, biotite, plagioclase and
apatite present in the matrix as well as those included in
garnet and orthopyroxene were low, and not correlated
with the location in the grain or the distance from the
vein (Table 1).

Slices of the studied sample (1cm thick) were pre-
pared parallel to the Grt-Hbl vein, and whole-rock Zr
concentrations of each slice were determined by ICPMS
analysis (Table 1). The slices prepared included the Grt-
Hbl vein itself (—0.5-0.5 cm; slice 1) and three slices of
the wall rock with distance from the vein center being
0.5-1.5 cm (slice 2), 1.5-2.5 cm (slice 3) and 2.5-3.5
cm (slice 4), respectively. Modal amounts of minerals
in each slice were also determined using X-ray elemental
mapping and electron microscope observation. The re-
sults are summarized in Table 2.

In situ LA-ICPMS U-Pb zircon dating and REE anal-
ysis

Zircon is included in garnet, orthopyroxene, hornblende,
plagioclase and biotite, and is also present in the matrix.
Zircon is commonly rounded- to oval-shaped and ~ 20-
50 pm in diameter (Fig. 3). Zircon grains share similar
microstructural features irrespective of their mode of oc-
currence and distance from the vein center (Fig. 3). Zir-
con zoning can be described as follows based on U con-
centrations and Th/U ratios.

Core: U content < 100 ppm and Th/U ratio = 0.19-
0.99.
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Table 2. Modal amount of minerals”

Mineral Grts_lgl‘;fl lvein) Slice2 Slice3 Slice 4
Grt 277 64 82 81
Opx 2.9 108 91 121
Hbl 223 80 43 50
Bt 9.2 181 214 176
Pl 34.1 562 564 558
Qtz 1.7 02 02 03
Ap 22 04 05 1.1
Zm 0.01 001 001 001

Total (vol%) 100.0 1000 100.0  100.0

* Obtained from the X-ray elemental mapping and electron mi-
croprobe observation.

Qtz, quartz; Zrn, zircon; Other abbreviations are the same as
Table 1.

Mantle: U content = 141-306 ppm and Th/U ratio =
0.62-0.99.
Rim: U content = 140-421 ppm and Th/U ratio =
0.43-0.59.

Every zircon grain preserves cores which can be recog-
nized as bright-CL domain (Fig. 3). Mantles and rims are
characterized by darker-CL domains than the cores (Fig.
3). Mantles tend to have higher Th/U ratio than the rims.
Mantle-rim boundaries are more ambiguous than core-
mantle boundaries in CL images. Some zircon grains
show very thin mantles or rims, or lack one of them (Fig.
3). No inclusions were seen in the zircon grains studied.

The U-Pb zircon ages and REE concentrations of
zircon were determined in order to evaluate the presence
or absence of zircon resorption as a function of distance
from the vein (Figs. 3, 4, and Table 3). The U-Pb ages
with better than 95-105% concordance (where concord-
ance = (2%Pb/238U age)*100/(>’Pb/?*°U age)) are inter-
preted as being meaningful concordant ages in this study.
Two cores gave 2°°Pb/?38U ages of 1175 + 58 Ma (U = 10
ppm; Th/U = 0.36) and 685 + 34 Ma (U = 19 ppm; Th/U
=0.25). The mantles (n = 4) gave 2°Pb/?*8U ages of 658-
630 Ma. The weighted mean 2°°Pb/?*8U age of the rims
(n=8) is 617 = 9 Ma (Fig. 4b). Mantles and rims have
similar REE concentrations and share the same positive-
ly-sloping MREE-HREE pattern with Yb/Dy = 4.7 + 0.9
(20) irrespective of a distance from the Grt-Hbl vein (Fig.
Sa and Table 4). Mantles and rims commonly show posi-
tive Ce and negative Eu anomalies in chondrite-normal-
ized REE patterns (Fig. 5a). Three core analyses showed
different REE patterns from mantles and rims, showing
steep and positively-sloping HREE-enriched patterns
with Yb/Dy = 24 £ 0.3 (20) without a positive Ce anom-
aly (Fig. 5a). A core with similar REE patterns as mantles
and rims also exists (Fig. 5a). As shown in Figures 3, 5b,

Sc, and Table 4, no correlation between rim REE pat-
terns, ages, and distance from the vein was detected.

DISCUSSION
Host minerals of Zr

Using the Zr concentrations of minerals and the modal
amount of minerals in rock slices 1-4 prepared parallel to
the Grt-Hbl vein, the contribution of each mineral to the
whole-rock Zr concentration is estimated (Fig. 6, Tables
1, and 2). Garnet and hornblende account for ~ 16% of
the whole-rock Zr in the vein itself and the rest of Zr
resides in zircon. In the wall rock, 3-5% of the whole-
rock Zr resides in garnet and hornblende, and most of the
whole-rock Zr is stored in zircon (Fig. 6). Therefore, Zr
in this sample mostly resides in zircon irrespective of the
distance from the vein (Fig. 6). Since this kind of calcu-
lation often accompanies a ~ + 20% error (e.g., Scambel-
luri et al., 2006; Marocchi et al., 2010; Xiong et al.,
2014), our results are acceptable. Our results for the host
mineral of Zr are consistent with Fraser et al. (1997), who
studied mafic granulites from the Liitzow-Holm Com-
plex, East Antarctica. Hermann (2002) showed that more
than 90% of whole-rock Zr is contained in zircon in eclo-
gites from Dora-Maira massif, Western Alps. The present
study also confirmed that zircon is the most important
sink mineral of Zr in the mafic gneiss collected from
the granulite terrane.

Zircon included in the minerals affected by the Grt-
Hbl vein formation

The Ca-poor domains of garnet are abundant near the
vein (Fig. 2c), suggesting that these domains recrystal-
lized under the effect of Cl-rich fluid or melt when the
Grt-Hbl vein was formed. Development of Na-richer pla-
gioclase rims near the vein (Fig. 2d) also suggests that
this part of the plagioclase, at least, is affected by the CI-
rich fluid or melt infiltration. Therefore, zircon grains
presently included in Ca-poor domains of garnet and
Na-richer plagioclase rims could have been the matrix
phase during the Cl-rich fluid or melt infiltration, and
entrapped in the garnet or plagioclase when the Grt-
Hbl vein was formed. Thus, zircon included in these do-
mains can be regarded similarly as zircon in the matrix
(Figs. 3 and 5). Zircon grains marked by ‘g’ and ‘p’ in
Figures 5b and 5c represent such grains.

Evaluation of Zr as an immobile element

In order to evaluate the appropriateness of Zr as an im-
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Figure 3. The CL images of zircon with analytical results. Numbers next to alphabets in parentheses represent the distance from the Grt-Hbl
vein center (cm) where each zircon grain occurs. Circles represent pits for LA-ICPMS U-Pb dating (5 pm in diameter). From the top to the
bottom, numbers next to the circle represent analysis number, 2°°Pb/?*8U ages + 2 S.D. error (Ma), U concentration (ppm) and Th/U ratio.
“** represents concordance for the analysis point is out of 95-105%. Dotted circles represent pits for LA-ICPMS REE analysis (10 um in
diameter). From the top to the bottom, numbers next to the dotted circle are analysis number, U concentration (ppm) and Th/U ratio. (a)-(c)
Zircon included in garnet. (d) Zircon included in orthopyroxene. (¢) Zircon included in hornblende. (f)-(h) Zircon included in plagioclase.

(1)-(j) Zircon included in biotite. (k)-(0) Zircon present in the matrix.

mobile element, it is necessary to investigate whether Zr
was added or lost during the Grt-Hbl vein formation. The

continuous gneissose structure from the wall rock to the
vicinity of the vein center (Fig. 2¢) suggests that most of
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Figure 4. The results of LA-ICPMS U-Pb dating of zircon con-
structed using Isoplot v.4.13 (Ludwig, 2008). (a) U-Pb concor-
dia plot for all zircon domains and a relative probability diagram
for analysis points with 95-105% concordance. (b) U-Pb con-
cordia plot for rims of zircon.

the Grt-Hbl vein originated from the wall rock gneiss.
However, the modal composition of the minerals in the
vein itself is significantly different from that of the wall
rock. Therefore, it is highly possible that at least part of
the vein was not formed from the wall rock. It is also
possible that volume change occurred during the vein for-
mation. On the other hand, the modal amounts of constit-
uent minerals of the wall rock are almost constant irre-
spective of the distance from the vein. Therefore, it
would be better to evaluate the vein itself and the wall
rock separately.

First, the wall rock parts (0.5-3.5 cm away from the
vein center) are discussed. Whole-rock Zr concentrations
are almost constant in the wall rock (Table 1). Both mo-
dal amounts and Zr concentrations of garnet and horn-
blende are also constant irrespective of the distance from
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Figure 5. (a) Chondrite-normalized REE patterns of zircon. Zir-
con rims show similar REE pattern. The REE patterns of zircon
cores vary depending on the analysis points. Some cores and
mantles show similar REE patterns to the rims. (b) Lutetium
concentrations and Yb/Dy ratios of zircon rims with distance
from the vein center. REE compositions of zircon rims are con-
stant with distance from the vein. (c) 2°°Pb/?**U ages of zircon
rim with distance from the vein center. The rim ages are con-
stant with distance from the vein. (b), (c) ‘g’: zircon included in
Ca-poor garnet domain, ‘p’: zircon included in Na-richer pla-
gioclase rim, ‘m’: matrix zircon.

the vein (Fig. 2g). These observations imply that Zr ad-
dition from the Grt-Hbl vein into the wall rock or Zr loss
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Table 3. Summary of the results of LA-ICPMS U-Pb zircon dating

Analysis Dis'tance from the 207py, B35 206py, 238 207py, 206y,
number vein center (cm) 20 r 20
02C 2-1 Rim 1.2 0.8523 0.0596 0.1023 0.0026 0.367 0.06042 0.00393
02C 12-1  Core 0.3 0.9026 0.1833 0.1121 0.0058 0.255 0.05841 0.01147
02C 3-1 Rim 0.9 0.8199 0.0549 0.1002 0.0025 0.376 0.05934 0.00368
02C 3-2 Core 0.9 0.7623 0.0994 0.1020 0.0036 0.273 0.05418 0.00679
02C 18-1 Core 0.7 2.2830 0.4050 0.2000 0.0107 0.302 0.08281 0.01401
02C 6-1 Rim 0.2 0.7862 0.0481 0.0973 0.0024 0.397 0.05858 0.00329
02C6-2 Rim 0.2 0.8704 0.0562 0.1022 0.0025 0.386 0.06175 0.00368
02C 6-3 Core 0.2 0.8679 0.0895 0.0941 0.0030 0.312 0.06688 0.00655
02C 5-1 Rim 0.4 0.8794 0.0500 0.1021 0.0024 0.419 0.06249 0.00323
02C 5-2 Rim 0.4 0.9031 0.0538 0.1012 0.0025 0.408 0.06471 0.00352
02C 5-3 Rim 04 0.9254 0.0758 0.1031 0.0029 0.342 0.06509 0.00501
02C 1-1 Mantle 1.0 0.8903 0.0538 0.1075 0.0027 0.424 0.06008 0.00329
02C 1-2 Core 1.0 1.7940 0.2983 0.2100 0.0098 0.281 0.06196 0.00989
02C 13-1 Mantle 0.6 0.8589 0.0442 0.1027 0.0025 0.475 0.06063 0.00275
02C 10-1 Mantle 0.4 0.8829 0.0412 0.1067 0.0025 0.511 0.06003 0.00241
02C 19-1 Rim 1.2 0.8203 0.0414 0.0983 0.0024 0.482 0.06055 0.00268
02C 18-2 Mantle 0.7 0.8451 0.0440 0.1038 0.0025 0.470 0.05908 0.00271
02C17-1 Rim 0.2 0.8317 0.0396 0.1006 0.0024 0.503 0.05995 0.00247
Analysis W6pp233y Wpp/2y 27pp2%py Concordance U Th
number age (Ma) 26 age (Ma) 20 age (Ma) 26 (%) (ppm) 26 (ppm) 20
02C 2-1 Rim 628 15 626 33 619 147 100 228 29 116 14
02C 12-1  Core 685 34 653 103 545 499 105 19 2 5 1
02C 3-1 Rim 616 15 608 31 580 141 101 267 34 130 16
02C 3-2 Core 626 21 575 59 378 310 109 57 7 13 2
02C18-1 Core 1175 58 1207 134 1265 372 97 10 1 4 0
02C 6-1 Rim 599 14 589 28 552 127 102 367 47 201 24
02C6-2 Rim 627 15 636 31 666 133 99 281 36 149 18
02C 6-3 Core 580 18 634 50 834 219 91 86 11 31 4
02C 5-1 Rim 626 14 641 27 691 114 98 421 54 215 26
02C5-2 Rim 622 14 653 29 765 119 95 351 45 201 24
02C 5-3 Rim 633 17 665 41 777 171 95 140 18 68 8
02C 1-1 Mantle 658 16 647 29 607 123 102 162 47 163 33
02C 1-2 Core 1229 53 1043 115 673 384 118 9 3 4 1
02C 13-1 Mantle 630 15 630 24 626 101 100 246 71 203 41
02C 10-1 Mantle 653 15 643 22 605 89 102 306 89 306 61
02C 19-1 Rim 604 14 608 23 623 98 99 271 79 119 24
02C 18-2 Mantle 636 15 622 24 570 103 102 243 70 154 31
02C 17-1 Rim 618 14 615 22 602 92 101 309 90 166 33

out of the wall rock into the vein did not occur during the
vein formation. Rims of zircon present in the wall rock
show constant Th/U ratios, REE concentrations, REE
patterns and U-Pb ages irrespective of a distance from
the vein (Figs. 3-5). The grain size of zircon in the wall
rock is also constant. Zircon rims did not give younger
U-Pb ages than the timing of granulite facies metamor-
phism reported by previous studies in the study area (e.g.,
Adachi et al., 2013b). Moreover, there are no microstruc-
tures in zircon implying resorption and/or overgrowth
(Fig. 3), and re-equilibrium textures of zircon formed
in aqueous fluids or melts as reported in Geisler et al.

(2007) are also not found. These observations suggest
that the zircon grains in the wall rock were not signifi-
cantly affected, both chemically and microstructurally, by
the Grt-Hbl vein formation. Zirconium in other host min-
erals (garnet and hornblende) did not move significantly
because the Zr concentrations and modal amounts of
these minerals are constant in the wall rock (Figs. 2
and 6). Therefore, Zr would be described as immobile
in the wall rock during the Grt-Hbl vein formation.
Next, behavior of zircon and Zr in the vein itself is
discussed. More than ~ 85% of the whole-rock Zr in the
vein is hosted in zircon. There is no significant difference
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Table 3. (Continued)

Analysis Pb

number U 206 (ppm) 206
02C2-1 Rim 0.50 0.02 25 3

02C 12-1  Core 0.25 0.01 2 0
02C 3-1 Rim 0.48 0.02 29 4

02C3-2  Core 0.22 0.01 6 1

02C 18-1  Core 0.36 0.02 2 0

02C 6-1 Rim 0.54 0.02 39 5

02C6-2 Rim 0.52 0.02 31 4

02C6-3  Core 0.35 0.01 9 1

02C 5-1 Rim 0.50 0.02 47 6

02C5-2  Rim 0.57 0.02 39 5

02C 5-3 Rim 0.48 0.02 16 2

02C1-1 Mantle 0.99 0.10 20 6

02C1-2  Core 0.41 0.04 2 1

02C 13-1 Mantle 0.81 0.08 29 8

02C10-1 Mantle 0.98 0.10 39 11
02C 19-1 Rim 0.43 0.04 28 8

02C 18-2 Mantle 0.62 0.06 28 8

02C17-1 Rim 0.53 0.05 33 9

in grain size and microstructure between zircon in the
Grt-Hbl vein and in the wall rock (Fig. 3). The zircon
rims in the vein show similar ages, Th/U ratios, REE
concentrations and REE patterns to zircon rims in the
wall rock (Figs. 3-5). Therefore, zircon in the vein was
also not significantly resorbed and overgrown during the
Grt-Hbl vein formation.

On the other hand, whole-rock Zr concentration in

the vein is slightly lower than that in the wall rock (Table
1). In addition to this difference, garnet and hornblende
host ~ 15% of the whole-rock Zr in the vein, and this
percentage is higher than in the wall rock (Fig. 6 and
Table 1). There can be several possible interpretations
to explain these observations. The first interpretation is
to consider the closed system behavior of Zr. The whole-
rock Zr concentration in the vein decreased because of a
volume increase in the vein itself and that Zr addition/
loss did not occur, while minor redistribution of Zr be-
tween zircon and other minerals took place. In this case,
Zr in the vein can be dealt as immobile.

Addition of low Zr content material to the vein, or
removal of Zr-bearing material from the vein can also
account for the observation above, and this corresponds
to open system behavior of Zr in the vein. In both cases,
Zr can be regarded as a mobile element in the vein, and
the estimated Zr removal from the vein may reach up to
~ 10% (Table 1) in the present case.

Zirconium has been assumed as being an immobile
element during dehydration reactions such as at the tran-
sition from the blueschist facies to the eclogite facies
(e.g., Gao et al., 2007). However, it is reported that zir-
con, the most important sink mineral of Zr, might be al-
tered by Cl-bearing fluid under high-7" metamorphism
(Dunkley, 2010). Detailed analysis of Zr-bearing miner-
als in this study made it clear that zircon is not altered
even during the Grt-Hbl vein formation potentially
caused by the Cl-rich fluid or melt infiltration under up-

Table 4. Rare earth element concentrations of zircon determined by LA-ICPMS

121002C 121002C 121002C 121002C 121002C 121002C 121002C 121002C 121002C 121002C

Analysis number

R17-1 R14-1 R10-1 R10-2 R13-1 R1-1 R1-2 R19-1 R32-1 R32-2

Rim Core Core Mantle Rim Mantle Core Rim Rim Rim
Distance from the 0.2 0.4 0.4 0.6 1.0 1.0 12 19 1.9

vein center (cm)

Y 412 167 378 729 449 336 101 613 368 670
La 0.1 0.2 0.0 0.0 b.d. 0.1 b.d. 0.0 0.2 b.d.
Ce 3.8 0.2 29 5.5 34 4.6 0.1 54 44 5.8
Pr 0.1 0.1 0.0 b.d. 0.0 0.1 b.d. 0.1 0.1 0.0
Nd 0.8 0.0 0.3 0.3 0.4 0.5 0.0 0.9 0.2 0.5
Sm 1.1 0.4 0.9 2.0 0.9 1.5 0.0 1.6 0.7 1.5
Eu 0.3 0.1 0.1 0.0 0.2 0.3 0.0 0.1 0.1 0.4
Gd 6.4 0.7 5.5 9.0 5.9 7.4 b.d. 8.4 5.3 9.3
Tb 2.7 0.2 2.6 4.8 2.6 2.8 0.1 3.4 24 4.7
Dy 35.7 7.5 314 69.0 351 30.7 4.8 53.6 34.9 57.5
Ho 13.8 4.4 13.0 25.8 14.5 11.7 2.8 20.3 124 22.8
Er 64.5 29.8 61.2 111 70.5 51.8 18.8 96.0 59.2 110
Tm 15.0 11.0 16.6 274 16.5 114 6.6 21.8 13.1 25.1
Yb 151 178 177 275 184 114 117 247 141 266
Lu 23.0 344 25.6 40.7 26.9 15.9 233 35.0 20.4 374
Hf 6759 9976 8776 10423 5710 8154 8823 9252 7496 9646
Th 81.1 2.8 88.3 107 79.7 127 2.3 93.2 94.5 119
U 151 14.2 93.3 188 97.4 141 10.7 186 213 253
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Table 4. (Continued)

121002C 121002C 121002C 121002C
R42-1 R42-2  R42-3 R26-1

Analysis number

Rim Rim Rim Core
Distance from the —, 2.9 2.9 4.0
vein center (cm)

Y 666 450 646 107
La 0.3 1.6 04 0.0
Ce 5.5 54 5.5 0.3
Pr 0.1 0.2 0.0 0.0
Nd 0.7 0.7 0.8 0.2
Sm 1.7 1.1 1.3 b.d.
Eu 0.2 04 0.3 0.0
Gd 10.9 4.5 11.4 0.6
Tb 4.5 2.7 4.6 0.2
Dy 61.0 35.3 56.0 53
Ho 23.3 14.9 22.2 2.7
Er 104 70.7 104 14.6
Tm 24.7 16.1 24.3 33
Yb 257 172 254 37.6
Lu 36.8 28.9 37.7 4.7
Hf 9457 7833 9463 11101
Th 90.7 78.8 88.8 4.0
U 154 175 158 12.4

Distance from
the vein (cm)
-0.5~0.5
(Grt-Hbl vein) R

5~1.
0.5~1.5 SGrt

B Hbl

1.5~2.5 B2Zm

25~35

0 10 20 30 40 50 60 70 80 90 100 110
Contribution of minerals relative to whole-rock Zr content (%)
Figure 6. Zirconium distribution among the minerals in sample
TK2009121002C, shown as a function of the distance from
the Grt-Hbl vein. The whole rock Zr contents of each zones
were obtained from the whole-rock Zr analysis by ICPMS,
which was compared with the total Zr contents in each mineral
calculated from the modal amount of minerals and Zr contents
of each mineral determined by LA-ICPMS analyses (Tables 1
and 2). Garnet, hornblende, and zircon are shown in this figure,
because they are recognized as host mineral of Zr. Zircon is the
main host mineral of Zr irrespective of the distance from the
vein. Although ilmenite could be an additional carrier of Zr (De-
genhardt, 1957), it is not considered here because of its low
modal amount and low Zr concentration.

per amphibolite facies condition, and Zr can be dealt as
immobile in the wall rock during the Grt-Hbl vein for-
mation. Therefore, in most of the rocks in which zircon is
the major host of Zr, as attempted in this study, observing
the presence or absence of zircon resorption/recrystalliza-

tion through combined microstructural and chemical ap-
proaches will help evaluate whether Zr could become an
appropriate ‘immobile element’ or not.
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