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Abstract

Monazites, approximately [(LREE,Th,U,Ca)(P,S1)O4], from two leucogranite samples in
far-eastern Nepal Himalaya were dated by the chemical U-Th-total Pb isochron method (CHIME).
Monazites in foliated biotite leucogranite exhibit significant chemical characteristics by different
grains or within individual grains. Some monazite grains have strongly undergone the chemical
alteration through the monazite-huttonite substitution (P** +REE’" <Si** + Th*). Other grains,
especially surrounding feldspars, have slightly occurred the monazite-cheralite substitution (2REE**
© Ca?* +Th"), and have the relatively higher concentrations of ThQ,, compared to the
huttonite-rich monazite. Furthermore, a significant intra-crystal chemical zoning is observed in
individual monazite grains, indicating that Y content decreases from core and to rim. Monazites
selected using chemical criteria (0.95 < (Ca + S8i)/ (Th + U +Pb +S) < 1.05), which could be
discriminate the metamict monazite due to the destruction of the crystalline structure from the
original monazites, construct together a pseudo-isochron of 16.4 + 1.7 Ma in PbO-ThO, diagram.
Also, monazites from quartz-rich leucogranite have homogenous compositions of Y, Th and U
contents, and yields the weight mean chemical ages of 16.6 £+ 2.6 Ma, in agreement with the age of
the foliated biotite leucogranite. Our data suggest that the CHIME ages combined with the chemical
zoning patterns such as Y, Th, U, Ca, and Pb of monazites can provide a powerful tool to elucidate
the complex zoning patterns of monazite and to know the precise timing of granite crystallization
from magmatic monazite.
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1. Introduction

Monazite dating using the electron probe microanalyser (EPMA) has become increasingly popular since
the beginning of the 1990s, especially as a method for constraining the ages of magmatism and
metamorphism (Suzuki and Adachi, 1991; Suzuki et al., 1994; Montel et al., 1996; Pyle et al., 2005). The
EPMA dating easily allows the age determination by ¢. 3-5 pm spot size in monazite grain, and the high
spatial resolution is a great advantage over other microprobe dating, because monazite grains commonly
exhibit complex internal zoning of composition and age on a micrometer scale (e.g. Williams et al., 2007 and
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reference there in). The chemical Th-U total-Pb isochron method (CHIME) age using precise EPMA analysis
is determined by measuring many spots with compositional variations in monazite crystal, and then by
constructing a pseudo-isochron of domains that have constant age within analytical error, assuming that their
concentrations have not been significantly lost by subsequent thermal event (Suzuki and Adachi, 1991;
Suzuki and Kato, 2008).

Recent studies on monazite geochronology have mainly focused on the correlation of the age and its
textural-chemical characteristics on individual or different grains of monazites (e.g. Harrison et al., 2002). In
terms of monazites in the Himalayan migmatites and leucogranites, some workers have reported a strong
correlation between the ages and Yttrium zoning in monazite crystals, assuming that the Y content in the
monazite is mainly controlled by reactions involving garnet (Foster et al., 2000, 2002; Kohn et al., 2005;
Cottle et al., 2009). However, another workers have emphasized that the hydrothermal alternation on cooling
could be also disturbed the U-Th-Pb geochronometer in monazite (e.g. Townsend et al., 2000; Bollinger and
Janots, 2006), in which alternation may occur on the micron to submicron scale smaller than analytical
volumes for in-situ dating techniques (Berger et al., 2008). Thus, in order to obtain reliable and
accurate ages, it is essential to understand how fluid-assisted metasomatic processes influence chemical
compositions in a single monazite crystal or over the grain-scale. Indeed, because Ytirium is not a direct
indicator of metamict monazite, the age interpretation cannot be follow by the chemical map of Yttrium
alone without knowledge of the internal zoning of the other elements such as Th, U, Ca, P, and Pb in grains.

Here we report the CHIME age and X-ray multiple chemical mapping of monazites from leucogranites in
the far-eastern Nepal Himalaya, and constrain the characterization of intra-crystalline variations with the
bulk-rock chemistry. The construction of pseudo-isochron by the distinct chemical domains in monazites
could contribute to understand the correlation between ages and chemical compositions in the crystal, and
the precise CHIME monazite dating.

2. Himalayan leucogranite and sample descriptions

The Himalayan leucogranite is regarded as one of the best example of young S-type leucogranites
originating from crustal melting after the Indian - Asian collision (e.g. Le Fort, 1975). In eastern Nepal, the
U-Th-Pb ages of monazites and zircons from the leucogranite have been mostly dated at c. 24-16 Ma, using
the isotope dilution thermal ionization mass spectrometry (ID-TIMS) on individual grains that were
physically separated (Schirer 1984; Copeland et al., 1988; Hodges et al., 1998; Simpson et al., 2000;
Viskupic and Hodges, 2001; Viskupic et al., 2005), or the secondary ion-mass spectrometry (SIMS)
microanalysis of spots on different grains in thin section (Harrison et al. 1999; Murphy and Harrison 1999;
Catlos et al. 2002).

The Kanchenjunga leucogranites in far-eastern Nepal contain the assemblage of biotite + muscovite +
quartz + K-feldspar + plagioclase &+ tourmaline + garnet <+ sillimanite (Schelling, 1992; Goscombe et al.,
2006). The leucogranite bodies occur at various scales, ranging from a few centimeter-sized sills and dikes to
several kilometer-sized plutons (e.g. Hodges, 2000). Both foliated and massive leucogranites in thickness
within a few meters are frequently intercalated with the migmatites. The protolith of these leucogranites has
been generally considered as the base of the amphibolite-facies metasediments, especially on the mica-rich
schist, of the Higher Himalayan Crystalline Sequences (HHCS), based on the peraluminous compositions of
leucogranites and the similarities in Nd and Sr isotopic ratios between the leucogranite and the
metasediments (c.g. Inger and Harris, 1993).
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Two ramples 102 and 106 were collected from rmall-volume lencogmnitic body (meter-wide sheets and
dikes of granite and pegmatite) that oceurs at ¢. 0.5 km east of the Ghumes town in far-eastem Nepal (Fig. 1).
Both ssmples are folisted biotite lencograniies with mineral arsemblages of biotite, fiblolitic llimanite,
plagioclare, quarty end K-feldepar, and it is layered at the micrometer ecale, altemating with feldepar-rich
lencocratic end mica-rich layers. Biotites are replaced by retrogresgive chlorite to varying degrees, which
alternation i3 more pronounced for esmple 106 then esmple LO2. Fiblolitic sillimaniie mainly occurs as the
fne-gmined fiblolite + hiotite aggregate ot the edge of coarse-grained biotie or fille by imelf a crack along
the grain boundary or within the cry=tala.

Four lencogranite samples L.O1, L.0O3, 105, md LO7 were corrected from the fleats ot the Kanchenjungs
basccamp, which asmples may be cxpected as the parte of the plotonic rocks of the Janm Granites {(Fig. 1).
Semple 105 ia fine-grained masgive granite, end almost congiat of quartz with minor amounts of biotite,
muecovite, fiblolite end feldspara. Thin fitme of fiblolitic sillimanite mainly ocour along the grain boundary
of quartr, which could not heve reacted with monazite, Samples LO1, LO3 and 107 are weakly folinted
biotite leucogranites, and consist mainly of biotite, muscovite, plagioclase, quarts end K-feldapar with minor
fiblolite. Samples 1.01 and 1.07 also conminin gemet, and the presence of gamet coexinted with K-feldspar n
lencogranites euggesia thet the melting reaction war a vapor-sheent biotite dehydration meling reaction such
a8 Bt + Al + Qtz = Gt + Kfi + melt (Imeymwma et al., 2010). Small gamet and the rime of large
porphyroblasts were replaced by the retrogmade assemblage such ax fiblolite and hiotite following the 1nter
chlorite. Sample [.0] is tourmaline-rich and mica-poor lencogmnite, and does not inclode gamet.

Higher Himalayan Crystalline Sequences
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Fig. 1. Simplified geclogical map of far-easteen Nepal, ehowing location of samples nsed for CHIME dating
{polid circles). Abbeeviations. Bt biotite; Ms: muscovite; Ton: tournaaline: Ey: kyanite; Sil: sillimanibe; Grt:
gamet; Cod: Cordierite; Cpx: clinopyroxene; Chl: chloribe; St: stanrolite; Se: Sericite; Otz quartz; Kfs:
E-feldeper.
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3. 'Wholerock cempositions

Whaole-rock carpogitiong wers analyzed with a SHIMADZT XRF 1800 wavelength digperaive sequential
X-ray flunorescence spectrometer with an end-wrindowr 4K'W Rh X-my tohe ot Nagoya Thniversity. 100 to 200
E sampler were crushed by pounding the blocka with & hemmer, md then powdered using the steel mortar.
After drying m en oven heated to 110 *C for 24 houra, they were mixed with anhydrous lithiom tetmeborate
(0.7 g semple and 6 g fhax for analysis of major elements and 2 g sample and 3 g Oox for trace slenwenis) and
fiused with & PlepAuyy crucihle in an slectric fumacs to make the plags head. The analytical procednrs
followed those of Morishits and Swomli (1993). The tube curvents for major end tace clementx were 70 mA
and 95 mA with tube voltage of 40 kV, respectively. The detection limits were 10 ppm for Ba and 0.5-2 ppm
for other trace okananty ot the 2 o confidence kovel.

The Al (CalOHNaOHELGO) valuse for all lsucopranite samples tange from 1.55-1.93, and the high
peralpminons vahies are charactarigtice of the S-type gmanitoide (s.g. Clardks, 1992}, The Si(); contente ars
T70-71.2 wi% for five lencogranites except for 95.4 wi. %4 of quariz-rich lencogranite L05. In Harker plots
for mejor elememts, Al;Os(162-27wt %), CeD (1.7-02wt %), NeyO (5.9-03wl %), KO
(5.4-0.9 wt. %4) and P3Oy (0.14-0.01 wi. %) contents show o marked decrease with incresging S10; contont,
The low contents of Ca0 in lucogranites could be mitahle fir monazite crystallizaiion (a.g. Momsd, 1993),
Total allaliz for most ramplen are varishle of 8.6-6.7 wt. %, and the high K;0/NayO matice {3.00-0.73)
repreaent that the rocks belong to the S-type granites via mica dehydration reaction if the protolith doemn't
include K-feldspar (Lo Broton end Thompson, 1988). Semple L02 has very low slkehia of 1.2 wi. % with low
E0/MNa0 ratio of 0.20, simply becanse it conld stribote to the small amount of mics. Also, MnO
0.07-0.02wt. %), MgQ (1003wt %), Feldy 3618wt %), and TiQ: (0.53-02 wt %) contents,
content,

principally hoated by bictite, show 1o aystematic relation with Si0x
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The Rb comtenits of the incompatible LILE slanents are shriched it lsucogranites that have the high K0
contemts {Fig. 2n). The Sr contentx decreaze with the decrsasing of 5iC». {(Fig. 2Zb), and increase with the
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increasing of CaQ (Fig. 2c), suggesting plagioclage fractionation. The Nb of immobile high-ficld-strength
elements are below the detection limits in analyzed all samples. The Zr contents for samples 101,102, 1.03,
L04, and LOS are moderate of ¢. 40-117 ppm, and sample 106 is relatively higher Zr content of ¢. 270 ppm
and TiO + MnO +Fe0; + MgO (Fig. 2d). Feldsparrich sample L02 is characterized by the higher Ca0, Th
and Y contents, compared with the other leucogranites (Fig. 2e, 21}, Yttrium contents (4-250 ppm) are
positively correlated to the Th contents (¢. 5-90 ppm), implying that their behaviors in granites are mainly
controlled by the amounts and fractionation of monazite {e.g. Montel et al., 1993} or xenotime (e.g.
Vigkupic and Hodges 2001).

4. CHIME dating and compositional mapping of monazites

Chemical analyses of monazite were performed in-gitu on the polished thin section using a JEOL JCXA-
733 electron microprobe (EPMA) at Nagoya University with 4 wavelength-dispersive spectrometers,
equipped with PET crystals and scaled Xe X-ray detectors. Spot analysis using ¢. 3-5 um probe diameter was
operated at an accelerating voltage of 15 kV and prove curtent of 0.2 pA. The X-ray intensity data were
converted into concentretions through the procedure of Bence and Albee (1968) with the a-factor table of
Kato (2005). Counting times on peak for the analysis of U, Th, Pb and Y were over a 400 a period for the
line peak positions and over a 200 s period for two optimum background positions above and below each
line peak. For the analyses of other elements, X-ray intensities were integrated over 40 s on peak positions
and 20 s on two background positions. UMB, ThMa, FbMa,YLa, CaKa, SKa, KKa, ZrLa, SiKa and NbLp
lines were simultaneously measured. For X-ray mapping of monazite, a prove current of 300-500 nA, a pixel
step of 2-4 pm, and the dwell time per pixel of 10 & were used. The calculation of the CHIME ages and the
correction. of interferences among the analyzed elements follow the procedure described by Suzuki and
Adachi (1991) and Suzuki and Kato (2008). The pseudo-isochron is constructed from the regression line on
the PbO-ThQ, * diagram (ThO; * refers to the sum of ThO; and the ThC; equivalent of UQ;), and obtained
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4.1, Sillimanite-bearing biotite-muscovite leucogramite (L02)

Monazite grains from sample 102 commonly exhibit complex textures, primarily due to partial
earichment or depletion in both huitonite (ThSiO,) and cheralite [CaTh(PO4),] depends on grains. Some
monazite grains, which mainly occur at the place spatially associated with the retrograde-stage minerals in
thin section, have strongly undergone the chemical reaction through the monazite - huttonite substitution (P**
+REE* ©8i* + Th*), shown by the comrclation of 8i0; and ThO: (Fig. 3a). The ThO; from other grains,
especially sumounding feldspars, are positively comelated with CaQ (Fig. 3b), indicating the monazite -
cheralits substitution (2REE* <+*Ca® +Th*"}, and their grains have the relatively higher concentrations of
Th,, compared to the huttonite-rich monazite. Also, representative monazite grains from sample LO2 can be
divided into two zones on the basis of Y content (Fig. 4). The core is characterized by high concentrations of
Y, and is surrounded by the rim domain that shows relatively low concentration of Y. The Th content could
be basically similar trend of the Y content, but shows a partly patchy zoning related to a relatively variation
in P, Ca, and U contents. The U concentrations are relatively uniform across the interior of the grains and
decrease clearly in the outermost rims where Th zoning pattern increases. Monazite grains contain micro-

inclusions {c. 1-5 um) of apatite
cps 48 ng and Th silicate.
22 190 The weighted mean age of 39
A 170 analyzed points in six grains is
34 150 16.4 +£1.7 Ma (20, MSWD = 0.37).
28 1. The PhO vs. ThO, plots of
= o mMmomazite is shown in Fig. 5a. Nine

70 data that are not satisfied with the
160 chemical eriteria of 0.95 < (Ca+
i Si)/ (Th+ U +Pb +8) < 1.05 are
100 excluded from the isochron
g0 ¢calculation, becanse the
60 gtoichiometric constrain for the

:2 monazite is strongly broken.

.;
i

[T R N N = -

PhM]
Fig. 4. Compositional mapping images of monazite prains in foliated
biotite lencogranite LO2 in far-eastern Nepal.

4.2. Quartz-rich leucogranite (LO5)

The intemal structures of the monazites from quartz-rich leucogranite show imregularly-shaped, but display
little or no chemieal zoning of Y2(s, UQ;, and ThO, (Fig. 3¢, 3d). The concentrations of Y;0; and ThO» in
the monazites are higher than huttonite-rich monazite and lower than cheralite —rich monazite in sample LO2.
The single CHIME age of thirty nine monazite grains were calculated, and the weighted mean age of 39
analyzed points in six grains is 16.8 + 2.6 Ma (Fig. b, 20, MSWD = 1.2), siatistically in agreement with the
isochron age of sample 102,



BEEXENERRE 1 S@ &%, XXII |, 2011.08

PhO (wi, %)

T T
0.10 (b) LOS
(a) Lo2
0.08 g ©
- 0.95 < (Ca+Si) | (Th+U+Pb+5) < 1,05 30+ 16.6=2.6 Ma
o~ and K20 < D2 wi N 30 filtered analyses (solid circles)
O
.06 (CusSi) / (Th+U+Pb45) = 1.05
of K0 = 002 wi.% [ ]
o 20 p ®e o 8 -
: O ® ~ .... ...& 0%
o4 - 16.4+1.7 Ma - e, %4 o
(MSWD=11.37) [ ] o ® °

39 filiered analyses (solid circles) ~

0.02

L&

)] 5

Q

]
L,

5 © ssmett o ¥

|] analytical uncertainty

15 20 25

ThOz* (w1.5%)

Ma

% 'T

10

20
Number of analysis

30 40

Fig. 5. (a) PbO vs. ThO»* plots of monazite grains in foliated biotite leucogranite L02. The data selected and
rejected using chemical criteria are shown by the solid and open circles, respectively. An isochron age is
quoted at 2a confidence level, (b) The weighted mean CHIME age (26) of quart-rich leucogranite L5,

5. Discussion

The CHIME dating has assumed that (1) initial PbO is negligible in comparison with radiogenic Pb in
monazite, and (2) the Th-U-Pb system is not disturbed by the post-solidification thermal events. The
successfill construction of pscudosection at 16.4 + 1.7 Ma in monazite grains in sample L02 is likely that the
first assumption could be valid. Also, the chemical criteria such as 0.95 < (Ca + Si)/ (Th + U +Pb +8) < 1.05
could possibly discriminate the metamict monazite due to the destruction of the crystalline structure from the
original monazites (Suzuki and Kato, 2008), resulting in the more precise CHIME age. In the case of
monazites in sample 1035, the data rejected using chemical criteria is just only one, indicating that the
monazites seem to have escaped from the alteration event, as also shown by the absence of retrograde
minecrals in thin section. Because it is difficult to construct the pseudosection for homogenous compositions
in monazites, the weighted mean age smaller than the error on individual spot age analysis is applied for
monazites in sample L05. The monazite CHIME ages of c. 17-16 Ma from both leucogranites have
produced the same age as the SHRIMP ages (c. 18-16 Ma) of zircons from the leucogranites along
the Tamor-Ghunsa section, far-eastern Nepal (Imayama et al., 2011 in submit), and their ages
represent the timing of the melting at ¢, 18-16 Ma.

The leucogranites in far-eastern Nepal was inferred to have partly formed during biotite dehydration
melting of Bt + Als + Qtz = Grt + Kfy + melt (Imayama et al,, 2010). Because the peraluminous melt
increases phosphorus solubility (Wolf & London, 1994), the monazite generation and dissolution are
expected to occur during their melting reactions. Some monazite grains in sample 102 are
characterized by the decreasing Y towards their rims, and its zoning could be explained if gamet is
produced during melt generation, because the Y partition for garnet and melt are high as well as
monazite (e.g. Spear and Pyle, 2002). The xenotime that contains sample L02 could be main reservoir
of Yttrium before melting. On the other hand, in the case of partial replacement of monazite by huttonite,
the fluid-assisted dissolution - reprecipitation on cooling is also possible mechanism, based on experiments
(Harlov et al., 2007). Thus, the Th contents in some monazite graing might decrease resulting from the
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breakdown of monazite to thorite via huttonite substitution. Y content in monazite grains from sample L02 is
mainly correlated to the U content, rather than the Th content. This is because the monazite cannot replace
the U.

In general, monazite gives concordant U-Pb and Th—Pb ages in the case that the concentration of U in
monazite is enough high to analyze. However, Schérer et al. (1984) reported the discordant age of young
igneous monazite in eastern Nepal, which reflects incorporation of excess 2*°Th during crystallization,
leading to an excess of 2**Pb. More recently, the 2*Pb/**U ages of monazites using LA-ICP-MS are older
than the 2®*Pb/**Th ages by up to c. 50% (Cottle et al., 2009). The principle advantage of B2Th-2%ph over
U-Pb systems for dating Tertiary monazite is a rapid attainment of equilibrium and high Th concentrations,
resulting in very high level of *Pb (Montel, 1993; Harrison ct al., 1999). Although the CHIME ages cannot
be directly assessed the discordant problem (i.e. isotope), it must be also noted that the even spot size of c.
10-15 pm for ion microprobe is too large to elucidate the complex zoning in monazite grains, as shown by
the chemical zoning of monazite in far-eastern Nepal. For Th-rich minerals (e.g., monazite) that
preferentially incorporate Th relative to U during growth, 2*Pb/**U dates are older than the crystallization
age {Crowly et al., 2009).
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