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Apatites crystallized from different types of igneous rocks show sig-

nificant variations in the abundances of some minor and trace ele-

ments. In this study, electron probe microanalysis and laser ablation

inductively coupled plasma mass spectrometry were used to determine

the concentrations of 25 minor and trace elements in apatite separated

from three principal rock types of theTranshimalayan igneous pluto-

nic suite: S-type granites, the I-type Gangdese batholith and post-

collisional adakites. F, Mn, Sr and rare earth elements (REE) in

apatite vary systematically with the composition of the host magma

and thus have high potential as petrogenetic tracers. More specifi-

cally, the F and Mn contents of apatite can be used as an indicator

of magma aluminosity or differentiation index. Combined with Sr

and REE data, which show significant variations in apatite from

different rock types, these elements are useful for constructing ‘dis-

crimination diagrams’. This study also reveals that apatite has the

capacity to retain geochemical information about the host magma

through the course of magmatic evolution. Systematic variations of

Sr and REE in apatite with bulk-rock aluminosity are the results of

partition competition with pre-existing and coexisting major and

accessory minerals in silicate melts, and thus are useful for more

detailed investigations of petrogenetic processes such as fractional

crystallization and magma mixing, which is signaled by inconsistent

Eu anomalies, Sr abundances and REE patterns relative to bulk-

rock compositions.

KEY WORDS: apatite; apatite minor elements; apatite trace elements;

igneous petrogenesis

I NTRODUCTION
Though tiny and sparse, accessory minerals that concen-
trate various geologically significant trace elements can
provide critical constraints on the details of igneous pro-
cesses in magma chambers. The rapid recent progress in
micro-analytical techniques (e.g. laser ablation inductively
coupled plasma mass specrometry; LA-ICP-MS) allows
their in situ geochemical analysis and further application
in igneous petrogenesis. This type of microanalysis can
provide information that is not accessible through conven-
tional bulk-rock analysis. For example, zircon, a common
accessory mineral, has been intensively used to study
magma evolution, the assembly of magma chambers and
crustal growth history by in situ analysis of hafnium or
oxygen isotopes, sometimes combined with U^Th^Pb age
determinations and trace element patterns (e.g. Scha« rer
et al., 1997; Griffin et al., 2000, 2002; Wilde et al., 2001;
Valley, 2003; Belousova et al., 2006; Hawkesworth &
Kemp, 2006; Kemp et al., 2007).
Apatite, although less intensively studied, may be the

next candidate for such expanded application. In terms of
its common occurrence, stability during magma evolution
and chemical diversity, apatite is comparable with zircon
and even better in some respects. Apatite is an early crys-
tallizing and long-lasting phase that reaches saturation
during the evolution of a range of silicate melts (Hoskin
et al., 2000). In situ Sr-isotope analyses (Bizzarro et al.,
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2003) and U^Th^Pb dating (Sano et al., 1999; Willigers
et al., 2002) of apatite have shown preliminary success.
More specifically, the minor- and trace-element patterns
of apatites vary with their host-rock type, particularly the
aluminosity (Bea, 1996; Sha & Chappell, 1999; Belousova
et al., 2001, 2002; Hsieh et al., 2008), and thus detrital apatite
has potential as a provenance indicator in sedimentary
rocks.
There are two major sources of data on minor- and

trace-element abundances in apatite in plutonic rocks. Sha
& Chappell (1999) reported minor- and trace-element
compositions of apatite from ‘classical’ I- and S-type grani-
toids (SiO2457wt %) from the Lachlan Fold Belt, eastern
Australia, and interpreted the data in terms of fractional
crystallization, redox conditions, ionic substitution and
mineral competition. Belousova et al. (2002) classified

apatite compositions in terms of their host-rock chemistry,
including the variable silica contents of granitoids. To
understand the relationships between magmatic processes
and the geochemical characteristics of apatite, apatites
from a range of Transhimalayan plutonic rocks have been
analysed in this study (Fig. 1). The geochemical composi-
tion of apatite from post-collisional adakites (Chung et al.,
2003) is reported for the first time, and apatites from the
I-type Gangdese magmatic suite, with SiO2 contents ran-
ging from 52 to 74wt % (Table 1), are interpreted in
terms of magma evolution during fractional crystalliza-
tion. Integration of these data, comparing them with the
geochemical compositions of their host-rocks and the Hf-
isotope composition of zircon in the same host-rocks,
allows an evaluation of the usefulness of apatite geochemis-
try in studies of igneous processes.

Fig. 1. Simplified geological map showing sample localities and the distribution of major magmatic suites in the Transhimalayan domain of
southernTibet (after Chung et al., 2003). BNS, Bangong^Nujiang suture; YTS,Yarlung^Tsangpo suture.
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GEOLOGICAL BACKGROUND
AND SAMPLES
The continental collision between India and Asia starting
in the early Cenozoic resulted in the rise of theTibetan pla-
teau and the Himalayas (Molnar & Tapponnier, 1975).
Tibet is a tectonic collage of three east^west-trending
Gondwana-derived continental fragments; from north to
south, these are the Songpan^Ganze, Qiangtang and
Lhasa terranes (Fig. 1), sequentially accreted to Asia
during the Paleozoic to early Cenozoic (Alle' gre et al.,
1984). The Lhasa terrane, the so-called Transhimalaya,
bounds the southernmost part of Asia and contacts with
India along the Yarlung^Tsangpo suture zone, which is
the relic of the Neo-Tethys Ocean that existed before the
India^Asia collision (Yin & Harrison, 2000).
The Lhasa terrane consists primarily of Paleozoic to

Mesozoic sedimentary rocks associated with Mesozoic^
Cenozoic igneous rocks (Pan et al., 2004). The latter may
be categorized into three principal rock types according
to their geochemistry and/or occurrence (Fig. 1): (1) S-type
granites in the northern magmatic belt, (2) I-type grani-
toids of the Gangdese batholith in the south; (3) post-
collisional adakites that occur as small plugs or sills cutting
across the Gangdese batholith (Table 1). For this study, apa-
tite was separated from representative samples of each of
these three suites.

S-type granites: the northern
magmatic belt
The northern magmatic belt is located in the northern
part of the Lhasa terrane (Fig. 1) and is largely composed
of Early Cretaceous (c. 150^120 Ma) peraluminous or
S-type granitoids (Xu et al., 1985; Harris et al., 1990; Pan
et al., 2004). These rocks have evolved compositions with
67^73wt % SiO2 and negative eNd(T) values (Table 1),
indicating derivation largely from the remelting of older
crust. Their main mineral constituents are quartz þ alkali
feldspar þ plagioclase þ biotite þ opaque minerals, asso-
ciated with accessory phases including apatite þ zircon �
allanite � monazite � titanite � xenotime (Table 1).
Although zircon appears to be a common accessory min-
eral, most of the zircon in these rocks is inherited (see
Chu et al., 2006).
There has been a long-term debate about the petrogen-

esis of the northern magmatic belt (see Kapp et al., 2005);
this has been attributed to: (1) crustal anatexis during the
continental collision of the Lhasa^Qiangtang terranes
(e.g. Xu et al., 1985); (2) high-temperature crustal melting
related to asthenospheric upwelling after the Lhasa^
Qiangtang terrane collision (e.g. Harris et al., 1990); (3)
low-angle northward subduction of the Neo-Tethyan oce-
anic slab (e.g. Coulon et al., 1986). Our recent work
(Chu et al., 2006), which first identified the existence of

Jurassic-age Gangdese magmatism, lends supports to the
third tectonic interpretation.

I-type granitoids: the Gangdese batholiths
The Gangdese batholith belt extends through most of the
southern Lhasa terrane. Its occurrence has been widely
attributed to northward subduction of Neo-Tethyan oce-
anic lithosphere beneath the Lhasa terrane. Magmatism
took place from Early Jurassic (Chu et al., 2006) to
Paleogene times (Wen et al., 2008b, and references therein)
and resulted in both the voluminous Gangdese batholith
and the associated Linzizong volcanic succession (Alle' gre
et al., 1984; Yin & Harrison, 2000; Lee et al., 2007, 2009;
Wen et al. 2008b; Fig. 1).
The Gangdese batholith consists dominantly of calc-

alkaline diorite, typical of I-type granitoid compositions
(Debon et al., 1986; Wen et al., 2008a, 2008b; Ji et al., 2009;
Table 1). However, the Gangdese rocks actually show a
wide range of compositions from gabbro to granite.
Samples analyzed in this study, for example, have SiO2

contents varying from 50 to 75wt % coupled with an
eNd(T) range of ^1�4 to þ5�9 (Wen, 2007; Wen et al.,
2008a); there is no correlation between silica content and
Nd isotopic composition. With increasing whole-rock
silica content the major mineral constituents change from
plagioclase � amphibole � pyroxene � biotite � alkali
feldspar þ opaque minerals to quartz þ alkali feldspar þ
biotite þ plagioclase � amphibole þ opaque minerals.
Apatite, zircon, titanite and epidote occur as common
accessory phases (Table 1).
Wen et al. (2008a) reported the existence of a granodior-

ite body with adakitic geochemical characteristics, here
termed ‘adakitic Gangdese’ (Table 1), which intruded at
�80 Ma in the southeastern part of the Gangdese batho-
lith. Its petrogenesis was attributed to a stage of flat sub-
duction of the Neo-Tethyan slab.

Post-collisional adakites
Adakites that were emplaced during Oligo-Miocene time
(c. 30^10 Ma) in the southern Lhasa terrane usually occur
as small plugs or sills intruding the Gangdese batholith
(see Chung et al., 2005). These ‘collision-type’ adakites
show overall geochemical characteristics similar to those
of ‘normal’ adakites formed in modern subduction zones;
that is, the rocks are characterized by relative depletions
in heavy rare earth elements (HREE) and Y, enrichment
in Sr and thus elevated Sr/Y. Garnet, which strongly
retains HREE, could have been a residual aluminum-rich
phase in the sources of the adakites, which therefore have
been interpreted as products of partial melting in a colli-
sion-thickened mafic lower crust beneath southern Tibet
(Chung et al., 2003).
Most of the adakites are of intermediate in composition,

with 57^66wt % SiO2, and eNd(T) of ^4�0 to ^0�3
(Table 1). They are composed of quartz þ alkali feldspar
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þ biotite þ plagioclase � amphibole þ opaque minerals,
together with apatite þ zircon � titanite � allanite �
monazite as accessory mineral phases (Table 1).

ANALYTICAL METHODS
Standard heavy-liquid and magnetic methods were used to
obtain pure apatite separates from �5 kg rock samples.
Apatite grains with no visible inclusions were hand picked
under a stereo-microscope, and then mounted in epoxy
discs. Most of the Transhimalayan apatites in this study
are euhedral to subhedral granular and occasionally hex-
agonal columnar in shape. Back-scattered electron (BSE)
images were taken of some of the apatites (e.g. Gangdese
batholith samples: ET021E, ST146A, ST147A, T036C and
T153; S-type granites: T006C and T172A); no internal
zoning patterns were observed.

Electron probe microanalysis (EPMA)
Major- and minor-element contents of apatite were deter-
mined by electron microprobe at the Institute of Earth
Sciences (IES), Academia Sinica, Taiwan, or at GEMOC,
Macquarie University, Australia. Up to four spot analyses
were performed on each crystal, depending on the grain
size. Apatite grains mounted in targets A001 to A006
(Table 1) were analysed using a JEOL JXA-8900R electron
microprobe using a wavelength-dispersive (WDS) method
that employed TAP, PET, and LIF crystals with 2 mm spa-
tial resolution,15 kV beam conditions and 10 nA beam cur-
rent. For analysis of apatites in the remaining targets at
GEMOC, we used the methods described by Belousova
et al. (2002): an electron beam of 10 mm diameter with an
accelerating voltage of 15 kV and a beam current of 20
nA. Analytical precision for most elements is better than
1%, but for F, Cl and SO3 precision is around 5%.

Laser ablation-inductively coupled plasma
mass spectrometry (LA-ICPMS)
The trace-element contents of apatites were measured in
the LA-ICP-(Q)MS laboratory in the Department of
Geosciences, National Taiwan University, using an Agilent
7500s ICP-MS system and a New Wave LUV213 laser
system (Jackson, 2001). Analytical methods, which mainly
follow those of Norman et al. (1996, 1998) involved time-
resolved analysis (TRA) using a fast peak-hopping
sequence. Each spot analysis consisted of c. 60 s background
acquisition (gas blank) followed by c. 60 s sample; ablation
used a �30 mm diameter laser beam.Twenty-seven isotopes
were analysed in this study, including 43Ca as the internal
standard (IS) using the concentrations obtained by
EPMA. Both 86Sr (isotopic abundance �9�86%) and 88Sr
(isotopic abundance �82�58%) were analysed to assess
the effect of linear calibration for variable element
contents.

Samples were measured in short runs bracketed by anal-
yses of the external standard (ES) NIST SRM 610, with
reference values taken from Norman et al. (1996). After
each analysis, data reduction was carried out using
Version 4.0 of the ‘real-time on-line’ GLITTER� software
(Griffin et al., 2008), which allows the user to select a data
range free of effects produced by ablating inclusions. As
there is no matrix-matched and homogeneous apatite-like
standard available, NIST SRM 610, NIST SRM 614 and
USGS international standards, including BCR-2(G), TB-1
(a basaltic glass) and GSE-1 (a doped rock-glass), were
analysed as secondary standards during the analytical
runs to test the accuracy and precision of the LA-ICP-MS
method. The REE concentrations of apatites are generally
between those of NIST SRM 610 and BCR-2(G).
One hundred analyses of NIST SRM 610 show that the

minimum limit of detection (LOD) of this method for
most trace elements in igneous rocks is around the ppm
level, commonly not more than 10 ppm. For REE, mini-
mum LODs are substantially below the ppm level and
mostly not more than 2 ppm. Comparison of our results
with those from the literature or the compiled values for
standard materials show that they are mutually consistent
with an accuracy better than 5% relative (Electronic
Appendix Table 1, available for downloading at http://
www.petrology.oxfordjournals.org). This agreement
implies that matrix effects are not significant during our
measurements when the doped synthetic glass is used as
the external standard for natural sample measurements.
Accordingly, this method can be applied to the trace ele-
ment analysis of apatite. For further comparison, JC4, an
apatite EPMA reference material, was analysed as an
unknown sample and these results are listed in Electronic
AppendixTable 1.
Precision for elements with mass480 is inversely corre-

lated with element abundance, from 4^5% for �450 ppm
(NIST SRM 610) to 7^14% for �0�8 ppm (NIST SRM
614; Electronic AppendixTable 1). Regardless of concentra-
tions or matrix, the precision for Zn, Rb, Sn, Sb, Cs, and
Pb (�10^20%) is significantly poorer than for the other
analytes in any sample. This lower precision may be due
to the fractionation of these elements relative to the IS
(see Gu« nther et al., 1999), or to heterogeneity in the refer-
ence glasses on the scale of the LA-ICP-MS spatial resolu-
tion (see Eggins & Shelley, 2002).

MINOR ELEMENTS : ANALYTICAL
RESULTS AND DI SCUSSION
In the following discussion, the aluminum saturation index
[ASI, calculated as molecular Al2O3/(Na2O þ K2O þ
CaO)] of the host-rocks is used to illustrate the range of
elemental variations in the Transhimalayan apatites. For
the studied samples, ASI increases in general with the
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silica content of the host-rock, regardless of rock type
(Table 1). If host-rock silica contents were used instead, it
would not make any difference to our discussion or conclu-
sions, although the scatter of apatite compositions relative
to this index of magma evolution would become greater
(see Fig. 2 and Electronic Appendix Fig. 1).
In the subsequent discussion, plutons with ASI � 0�9 (�
�57wt % SiO2), except adakites, are termed granites and
those with ASI 50�9, generally equivalent to 557wt %
SiO2, are termed ‘mafic rocks.’According to this classifica-
tion, the characteristics of minor element distributions in
apatites (Electronic Appendix Table 2) from different
types of Transhimalayan igneous intrusions are summar-
ized below.

Fluorine and chlorine
Most of the apatites are fluorapatite, typical of igneous
apatite, with F contents41wt %, and F/Cl41 (Electronic
AppendixTable 2). The abundance of F increases, and that
of Cl decreases, with increasing ASI (Fig. 2). However,
apatites in some S-type granites (e.g. T1048 and T138)
have Cl contents below the detection limits of EPMA;
these analyses may have much higher F/Cl ratios than
those shown calculated from the actual analyses (see
Electronic Appendix Table 2). Accordingly, although F
and Cl abundance and/or the F/Cl ratios of apatite have
the potential to monitor magma evolution, the F content
is recommended as the better indicator.
The range of F concentrations analysed in one apatite

grain is up to 0�33%, and the range within one rock
sample generally is from 0�5 to 1�5%. For a rock sample
with a specific ASI value, the F variation in its apatites is
up to �1�8%.

Manganese and iron
Mn variations in a single apatite separate can be up to
0�1wt %. Whole-rock ASI values exert a control on the
Mn content of apatite in all types of Transhimalayan intru-
sion (Fig. 3), independent of the host-rock Mn abundance
(Table 1). In metaluminous (ASI51) host rocks such as
most adakites, (I-type) mafic rocks and some I-type gran-
ites, apatite consistently has 50�2% MnO. In peralumi-
nous rocks with ASI � 1�1, both the MnO concentrations
of apatite and the proportions of apatite grains with
40�2% MnO rise with the host-rock ASI values. In rocks
with 1 � ASI51�1, the MnO abundances of apatite are
transitional. Therefore, the Mn content of apatite can be
used as an indicator of the ASI of magmatic rocks.
Iron concentrations in apatite from all Transhimalayan

plutonic rocks are mostly lower than 0�2% FeO, except in
some highly evolved S-type granites (e.g. T170A: up to
1�4%; Electronic Appendix Table 2). The host-rock total
iron contents (Table 1) appear to have little effect on the
FeO contents in apatite.

Sulfur
Sulfur (expressed as SO3wt %) in apatites from peralumi-
nous rocks falls with increasing ASI of the host rocks, to
the extent that more than half of the data are below the
EPMA detection limit (0�01^0�001wt % SO3; Electronic
Appendix Table 2). In metaluminous Transhimalayan plu-
tons, the S contents of apatite cover a wide range (Fig. 4)
and are irregularly correlated with variation in host-rock
ASI.
As for Mn and Fe, S abundances in apatite may be

related to the redox condition of the host magma. In an

Fig. 2. F contents of apatites from different rock types: apatite F vs host-rock ASI.
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Table 2: Summary of the geochemical characteristics of apatite in different types and aluminosities of Transhimalayan

granitoids

Metaluminous Peraluminous

ASI: 50�9 0�9–1�0 1�0–1�1 4 1�1

SiO2 (wt %): 5�57 �57–�65 4�65 4�65

Geochemical abundances of apatite

F (%) 1�0–3�0, 1�3–3�3, 1�8–3�3, 2�0–3�6,

mostly 1�5–2�5 mostly 1�8–2�7 mostly 2�0–3�0 mostly 2�3–3�3

MnO (%) b.d.l.–0�19 0�023–0�17 0�03–0�28 (, 0�75) 0�04–3�35

Sr (ppm) 341–747 266–490 69–472 (, 1850) 32–202

adakite adakite adakite�

309–353 326–441 601–645

adakitic Gangdesey adakitic Gangdesez

306–341 (, 732) 351–553

HREE

Yb (ppm) 4�5–74�5 21–148 27–252 88–543

adakite adakite adakite�

4�2–13 5�6–14 29–44

adakitic Gangdesey adakitic Gangdesez

23–68 49–151

Y (ppm) 91–1078 236–1788 451–3129 1056–5817

adakite adakite adakite�

51–200 96–200 435–629

adakitic Gangdesey adakitic Gangdesez

314–1113 496–1779

�HREE þ Y 157–1728 389–2912 705–4903 1838–9507

(ppm) adakite adakite adakite�

103–406 156–356 788–1117

adakitic Gangdesey adakitic Gangdesez

536–1950 719–2709

REE pattern steep right-inclined right-inclined with (transition from) flat with strong

with or without Eu(–) right-inclined to Eu(–) and Nd(–)

Eu(–) flat with Eu(–)

adakite adakite adakite�

steep right-inclined Steep right-inclined gentle right-inclined

with Eu(–) with Eu(–) with Eu(–)

adakitic Gangdesey adakitic Gangdesez

right-inclined with left-inclined

Eu(–)

(La/Nd)N 0�1–6�2 1�3–3�7 0�4–2�3 0�4–1�2

adakite adakite adakite�

2�8–8�7 2�3–5�1 0�37–0�63

adakitic Gangdesey adakitic Gangdesez

1�11–1�77 0�18–0�91

(La/Yb)N 0�2–118 5�0–33�8 0�4–31�2 0�38–2�2

adakite adakite adakite�

79–371 37–124 2�7–5�3

adakitic Gangdesey adakitic Gangdesez

9�8–36 0�06–0�49

Eu anomaly 0�10–1�05 0�14–0�80 0�04–0�52 0�01–0�42

adakite adakite adakite�

0�15–0�59 0�43–0�68 0�32–0�36

adakitic Gangdesey adakitic Gangdesez

0�33–0�53 0�71–1�65

Nd anomaly 0�97–1�19 0�88–1�10 0�90–1�13 0�73–1�00

adakite adakite adakite�

1�01–1�11 0�82–1�22 1�10–1�15

adakitic Gangdesey adakitic Gangdesez

1�02–1�10 0�87–1�25

Eu(–), negative Eu anomaly in REE pattern; Nd(–), negative Nd anomaly in REE pattern. b.d.l., below detection limit.
�Data from sample T016.
yData from sample T027.
zData from sample T024.
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oxidizing magma, more S occurs as SO4
2� and thus can

easily replace PO4
3� in apatite (see Sha & Chappell,

1999). However, no correlation between any two of SO3,
MnO and FeO is observed in theTranshimalayan apatites.

Sodium
Apatites from different Transhimalayan rocks generally
have similar Na contents (mostly Na2O50�2%); however,
Na increases slightly with magma fractionation in the
(peraluminous) S-type granites. The variations in the
sodium contents of apatite are not as clear and systematic

as those reported from the granites of the Lachlan Fold
Belt by Sha & Chappell (1999).

TRACE ELEMENTS : RESULTS
AND DISCUSS ION
Strontium
Sr concentrations in apatite grains separated from a single
rock are variable, but mainly confined to the range of 0�25
� Srapatite/Srhost-rock � 1 (Fig. 5a; Electronic Appendix

Fig. 3. MnO contents of apatites from different rock types: apatite MnO vs host-rock ASI.

Fig. 4. SO3 contents of apatites vs host-rock ASI for different rock types.
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Table 3). The Sr content of apatites from S-type granites
have a restricted range, with variations less than 100 ppm
(mostly550 ppm). In apatites from I-type intrusions and
adakites the range of Sr contents may be up to 330 ppm
(mostly 20^150 ppm). However, a few analyses extend to
more than 400 ppm (T027 and ET025C) and these Sr
values are higher than those of the host-rocks.
The Sr contents of apatites from theTranshimalayan plu-

tonic rocks are generally correlated with the Sr in the
host-rock (Fig. 5a), as observed in other studies (e.g. Sha
& Chappell, 1999). For example, adakites and (I-type)
Gangdese adakitic rocks commonly have higher Sr concen-
trations than other Transhimalayan rocks with the same
SiO2 contents or ASI, a feature ascribed to the rarity of
residual plagioclase in their sources (Fig. 5b; Chung et al.,
2003). The Sr contents of apatites from these rocks are

comparable with those from (I-type) mafic rocks; the
underplated equivalents of these mafic rocks have been
suggested as a likely source of adakitic magmas (Chu,
2006; Wen et al., 2008a). However, apatites from I-type
granite (ET026I) have high Sr abundances similar to
those in adakitic rocks (Fig. 5b), and have much higher Sr
contents than their host-rocks. All of these examples are
discussed in more detail below.
Because Sr abundances, major element concentrations

and the levels of some other trace elements in igneous
rocks of a single suite vary with the degree of fractionation
(e.g. whole-rock SiO2) and ASI, the Sr contents of apatites
might be used as a monitor of whole-rock composition.
Belousova et al. (2001) showed that the Sr contents of apa-
tites from granites of four different (super-) suites in the
Mt. Isa Inlier, Australia, exhibit a systematic variation

Fig. 5. Variation of Sr content of apatite as a function of (a) Sr and (b) SiO2 content of the host-rocks.
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with whole-rock SiO2, Al2O3, FeO, K2O and Rb/Sr.
However, in the I-type Gangdese batholith it is difficult to
see such correlations; for example, between the Sr contents
of apatite and the K2O content of their host-rocks. This
probably is because in the Gangdese belt, the K2O con-
tents of the intrusive rocks show no correlation with their
Sr and SiO2 contents (Table 1). Thus the potential of Sr in
apatite to predict whole-rock composition essentially
depends on how well whole-rock SiO2 correlates with
other element abundances. This application of apatite Sr
contents is feasible in principle, but must be independently
defined for each suite.

Thorium and uranium
The behavior of Th and U in apatite is independent of the
composition and type of the host-rocks (Fig. 6). In the

metaluminous granites and adakites, the Th contents of
apatites vary mainly from 20 to 200 ppm, similar to the
range in the (metaluminous) mafic rocks. In the peralumi-
nous rocks, apatite can have lowerTh concentrations, com-
monly 2^50 ppm. The depletion of Th in these apatites
can be attributed to the crystallization of monazite, (Ce,
La, Th, Nd, Y)PO4, before and/or concurrently with apa-
tite, as monazite is one of the main accessory phases in per-
aluminous magmas but not in metaluminous ones. There
is no distinguishable difference in U content among apa-
tites in adakites, I-type rocks and S-type granites with dif-
ferent aluminosities; most values are between 10 and
100 ppm. The small range of Th/U (�0�5^6) of apatites in
metaluminous granitoids reflects these consistent Th and
U contents (Fig. 6b). In peraluminous granites, apatite
Th/U ratios span a wider range from �0�01 to �20 because

Fig. 6. Variation of (a) Th, and (b) Th/U in apatites vs host-rock ASI.
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of the variable Th contents. These observations for the
granites are inconsistent with those made in the Lachlan
Fold Belt (Sha & Chappell, 1999).

Rare earth elements (REE)
REE concentrations

Awhole-rock ASI between 1�0 and 1�1 also marks a bound-
ary in the behavior of the REE in apatite (Fig. 7).
Regardless of rock type, apatites from metaluminous
Transhimalayan rocks have lower contents of the HREE
(Gd to Lu plus Y: 100^2000 ppm) than apatites from pera-
luminous granites (400^10 000 ppm), although both
groups of apatite have similar light REE (LREE) contents
(La to Eu: mostly 1000^10 000 ppm).
The around 10-times enrichment of HREE in apatites

from peraluminous rocks may reflect (1) relatively fewer
HREE-rich accessory minerals competing for the HREE
in the evolved melts when apatite crystallized, or (2) a pro-
nounced increase in partition coefficients (D) for the
HREE relative to LREE. The measured REE partition
coefficients of apatite in granites are highly variable
(Electronic Appendix Table 4) and possibility (2) cannot
be properly evaluated before there is a better understand-
ing of these HREE values.With regard to the first possibil-
ity, xenotime, zircon and amphibole are known to
concentrate the HREE (Bea,1996). Xenotime is not a ubiq-
uitous phase in Transhimalayan peraluminous magmas.
Zircon can be found in both peraluminous and metalumi-
nousTranshimalayan rocks. However, zircons in peralumi-
nous S-type granites are mainly inherited and the lesser
competition from zircon could be the reason for the
high HREE in apatite. In the I-type peraluminous gran-
ites, apatite can capture more of the HREE budget
because of the lesser crystallization of amphibole, which is
common in metaluminous magmas but not in peralumi-
nous ones.
In apatite from Transhimalayan intrusions, the differ-

ences in the abundances of single REE show similar
trends to the total contents of LREE and HREE
(including Y). In this study, apatite in general contains
1000^20 000 ppm REE (including Y). The total LREE
abundances of Transhimalayan apatites are essentially con-
stant over a range of whole-rock aluminosity. The some-
what higher HREE contents of apatites in peraluminous
granites lead to somewhat higher total REE contents.

REE patterns

Transhimalayan apatites show significant variations in
chondrite-normalized REE patterns (Figs 8^11) between
different rock types. In a single apatite, the within-grain
variation in absolute REE abundances can be large (e.g.
La: up to �1000 ppm; Electronic Appendix Table 3), but
there is no significant difference in the shape of the REE
patterns.

Apatites from the metaluminous rocks, including ada-
kites, are characterized by LREE-enriched patterns, with
little or no Eu depletion (Figs 8a^c and 9a^k). Their
enrichment in LREE relative to HREE and Eu in general
falls with increasing ASI, accompanying the fractionation
of the host magma (Figs 12 and 13a). In the I-type
Gangdese magmatic suite, the apatites with the most mark-
edly LREE-enriched patterns and the least Eu depletion
are all from the least fractionated Gangdese mafic rocks
(Fig. 9a, c^e), except for one special case, granite ET026I
(Fig. 9l). However, the most pronounced enrichment of
LREE relative to HREE can be observed in apatites from
adakites (ASI40�9), although these commonly have a sig-
nificant negative Eu anomaly (Fig. 8a^c); the relative
LREE enrichments reflect the low HREE contents of the
magma from which the apatites crystallized. The composi-
tions of the source rocks of the magmas are thus an impor-
tant control on the apatite REE patterns.
In contrast to apatites in metaluminous rocks, the REE

patterns of those in the peraluminous granites, especially
those with ASI 41�1 (Figs 8f, 9o^q, 10b and 11b^f), are
essentially flat, or upwardly convex in linear-scale
plots, and show Eu and Nd depletion; they are similar to
the patterns of apatite in granites from the Lachlan
Fold Belt and south China (Sha & Chappell, 1999; Hsieh
et al., 2008). The relatively low LREE abundances of
these apatites probably reflect the crystallization of acces-
sory phases, including allanite (Electronic Appendix
Table 5a) and particularly monazite (Electronic
AppendixTable 5b).
Apatite in the only peraluminous (post-collisional) ada-

kite (T016) is mildly LREE-depleted (Fig. 8f). In fact,
these patterns show lower LREE and higher HREE than
those of apatite in metaluminous (post-collisional) ada-
kites, which is consistent with the difference between apa-
tites in metaluminous and peraluminous ‘common’
granitoids. Variations of apatite HREE in adakites and
adakitic Gangdese rocks essentially follow the trend
defined by I- and S-type plutonic rocks, but their abun-
dances are much lower owing to the HREE depletion in
the magmas (Fig. 7). Such LREE-enriched patterns repre-
sent ‘common’ flat REE patterns modified by the HREE-
depleted magma composition.
Apatites in peraluminous I-type Gangdese suite rocks

and adakites, both with ASI of 1^1�1, show variable REE
patterns (Figs 8d and e, 9m and n, 10a and 11a), which can
be LREE-enriched, flat and/or transitional, sometimes
with moderate Nd and Eu depletion, like those of T148A
(Fig. 9n) and ST146A (Fig. 9o). However, those in the
S-type granites show coherent flat patterns with pro-
nounced negative Nd and Eu anomalies (Fig. 11a).
LREE-depleted patterns are also observed in

Transhimalayan apatites. Some apatites in the titanite-
bearing I-type mafic rock ST147A show La^Nd depletion
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Fig. 7. Variation of (a) total REE andY, (b) total LREE and (c) total HREE andYcontents in apatites vs host-rock ASI.
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patterns with a Eu negative anomaly (Fig. 9f). The concen-
tration of La can be down by a factor of 10. The three apa-
tites with the most depleted LREE patterns have slightly
lower Sr contents in comparison with the other apatites

(around 15^90 ppm difference). The crystallization of
titanite can cause these compositional variations, with
a strong depletion in LREE and mild depletion in Sr
in coexisting apatite. A similar pattern is also observed

Fig. 8. Chondrite-normalized REE patterns of apatites (black lines with open symbols) and their host-rocks, Transhimalayan adakites (light
grey lines with filled symbols); ASI and silica content of the bulk-rock are given in parentheses for reference. Chondrite REE values from
Taylor & McLennan (1985).
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in apatites in another titanite-bearing I-type mafic rock,
ET021E (Fig. 9i).
LREE-depleted patterns, with depletion extending as

far as Gd, are observed in apatites from strongly

fractionated granites (e.g. T024; Fig. 10b). Such patterns
have been reported from apatite in Norwegian granite peg-
matites and other granitoids and may be more common
in highly evolved granites, including pegmatites

Fig. 9. Chondrite-normalized REE patterns of apatites (black lines with open symbols) and their host-rocks,Transhimalayan I-type Gangdese
rocks (light grey lines with filled symbols); ASI and silica content of the bulk-rock are given in parentheses for reference.
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(Belousova et al., 2002). The much stronger depletion of
these apatites in LREE results from competition with the
abundant LREE-enriched minerals in T024, including
allanite, epidote, and feldspar (mainly K-feldspar) (Wen
et al., 2008a). Unfortunately, in this study, we have not
observed any examples of transitions between flat and

LREE-depleted patterns. Whether there are evolutionary
relationships between them remains uncertain.
A negative Nd anomaly in REE patterns is typical of

apatites with flat REE patterns from granites of the
Lachlan Fold Belt (Sha & Chappell, 1999) and the
Nanling Mountains, south China (Hsieh et al., 2008), and

Fig. 9. Continued
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is also seen in apatites from the peraluminous
Transhimalayan granites. Apatites from T148A and
ST146A show a transition between LREE-enriched and
flat REE patterns; Nd depletion is not present in the flat
patterns. The Nd anomaly is particularly conspicuous in
apatites crystallized from S-type and evolved I-type
magmas (Figs 9p and q, and 11).

Mainly following the crystallization of feldspar and
other minerals, in I-type and S-type intrusions the Eu
anomaly in apatite in general becomes more negative as
the aluminosity of the host-rock increases (Fig. 13a) and
more specifically, as its LREE enrichment decreases
(Fig. 13b). However, there are two main exceptions, T024
and ST146. In the former, because apatite has a

Fig. 9. Continued.
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comparable absolute Eu abundance, its strong LREE
depletion reduces the apparent negative Eu ‘anomaly’
(Fig. 10b). The positive Eu anomaly of apatite in ST146
provides specific petrogenetic information (discussed
below). Moreover, the common relationships between Eu
depletion and LREE enrichment and host-rock aluminos-
ity are not observed in the adakites (Fig. 13).

DISCUSSION
Nd depletion in apatite of peraluminous
magmas
Sha & Chappell (1999) showed that Nd depletion in
apatite from peraluminous intrusions does not reflect the

bulk-rock composition, and argued that it reflects the crys-
tallization of monazite. Monazite is a common accessory
mineral in peraluminous, but not metaluminous magmas
and its REE partition coefficients peak at Nd (Yurimoto
et al., 1990; Electronic Appendix Table 5b). However, this
interpretation may be inadequate.
As in the granites of the Lachlan Fold Belt (Sha &

Chappell, 1999), there seems to be little Nd depletion in
the host-rock REE patterns of the peraluminous
Transhimalayan rocks (Figs 8^11), although their apatites
all have negative Nd anomalies. However, because of apa-
tite’s high partition coefficient for REE, it has the ability
to ‘amplify’ a subtle negative Nd anomaly present in its
host-rock and make it visible when plotted on a

Fig. 10. Chondrite-normalized REE patterns of apatites (black lines with open symbols) and their host-rocks, I-type adakitic Gangdese rocks
(light grey lines with filled symbols); ASI and silica content of the bulk-rock are given in parentheses for reference.
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logarithmic scale. There is a simple method to check
whether the Nd depletion in apatite can be inherited from
its host magma or is due to competition with monazite.
The possibility of control by the host magma composition
is negated if, after normalization to the bulk-rock, the

REE patterns of apatites still show significant Nd deple-
tion. However, if the bulk-rock-normalized apatite REE
patterns show only a small Nd depletion, or none, the
alternative explanation is confirmed; that is, that the Nd
depletion in the apatite REE patterns originates from the

Fig. 11. Chondrite-normalized REE patterns of apatites (black lines with open symbols) and their host-rocks,Transhimalayan S-type granites
(light grey lines with filled symbols); ASI and silica content of the bulk-rock are given in parentheses for reference.
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geochemistry of the host magma. The latter case is clearly
demonstrated by our data (Fig. 14).
Monazite strongly favors Th over U, and its crystalliza-

tion will result in a marked decrease in Th contents and
Th/U in the residual magma. This should produce a posi-
tive correlation between the depletion of Nd in the REE
patterns and theTh/U of apatite. However, this correlation
is not obvious in apatites from (peraluminous) S-type
granites. The main accessory minerals in peraluminous
magmas are apatite þ zircon � allanite � monazite �
titanite � xenotime. Of these, zircon is the only common
liquidus phase in magmas that has a much higher prefer-
ence for U than for Th (Electronic Appendix Table 5d).
Fractionation of zircon could compensate for the variation
of Th/U in the magma produced by monazite crystalliza-
tion, and thus cause the observed lack of correlation
between Th/U and Nd anomalies in apatites. However,
U^Pb dating shows that zircon in the Transhimalayan S-
type granites is mostly inherited, and thus that zircon
rarely crystallized from the S-type magmas (see Chu
et al., 2006). Xenotime could be another potential candi-
date. However, it is not a ubiquitous mineral phase, and
the poor understanding of its mineral^melt partition coef-
ficients and the large ranges of Th and U in xenotime
(Fo« rster, 1998) make it difficult to assess the effects of its
crystallization.
These inconsistencies might be explained if the apatites

in the S-type granites, like their zircons, are inherited;
however, the origin of the negative Nd anomalies is still
difficult to explain. For fractionation of a mineral to pro-
duce a negative Nd anomaly in apatite, its Nd partition
coefficient would need to be distinctly greater than those
for Pr and Sm. However, partition coefficients of REE in

monazite and other minerals typically vary as a smooth
function of their continuously varying ionic radius. Thus
the strong fractionation of monazite, with the highest par-
tition coefficients around Nd, can result in a trough-like
REE pattern around Nd, similar to examples shown by
Yurimoto et al. (1990), but not a distinct kink at Nd as
observed in the REE patterns of apatite.
Indeed, apatites with Nd depletion in chondrite-

normalized REE patterns also tend to show a broad nega-
tive anomaly around Ho and Er (e.g. Figs 9p and q, and
11); both are essential features of the so-called ‘tetrad
effect’ (see Jahn et al., 2001). The tetrad effect reflects non-
CHARAC (CHarge-And-RAdius-Controlled) geochemis-
try specifically in highly evolved magmas (Bau, 1996),
where the behavior of high field strength elements
(HFSE) including the REE is controlled by both electron
configuration and complexing ligand types, and cannot
be modeled by partition coefficients that vary as smooth
functions of ionic radius. This phenomenon originates
from the electronic repulsion attributed to the formation
of various ligands between HFSE and volatiles such as
H2O, Li, B, F and/or Cl, which are enriched in the
magma. As a result of the tetrad effect, the bulk-rock and
its mineral phases, including apatite and monazite (Irber,
1999), have REE patterns comprising four convex subpat-
terns in the subdivisions of La to Nd, Pm to Gd, Gd to
Ho and Er to Lu. The tetrad effect and other non-
CHARAC features, such as non-chondritic ratios of Y/Ho
and Zr/Hf, are mostly recognized in highly differentiated
granites with strong hydrothermal interaction, such as
some of the Transhimalayan S-type and highly evolved
I-type granites.

Fig. 12. Correlation between chondrite-normalized La/Yb ratios in apatites and ASI of their host-rocks.
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Effects of major minerals in mafic
magmas
Crystallization of major minerals can affect both the REE
abundances and patterns of apatite; this effect is particu-
larly pronounced in some mafic rocks of the I-type
Gangdese magmatic suite; for example, T044E (Fig. 9a),
T036C (Fig. 9c) and ST147A (Fig. 9f). Apatites in these
rocks show large variations in REE.We suggest that apatite
crystallized earlier in these mafic magmas tends to show
(1) the most marked LREE enrichment, with high (La/
Nd)N (e.g. 44), (2) the least Eu depletion, and (3) Sr

contents similar to those of the bulk-rock. Such strongly
LREE-enriched apatite always shows no (or weak) nega-
tive Eu anomaly. This corresponds to the least amount of
fractionation of feldspars from the host melt and accord-
ingly the least magmatic differentiation.
The crystallization of LREE-rich and/or Eu- and Sr-rich

minerals such as titanite and plagioclase before or together
with apatite can significantly reduce the LREE enrich-
ment in apatite, and produce both negative anomalies in
Eu and lower Sr abundances. Titanite (CaTiSiO5) is one
candidate because (1) its REE partition coefficients are

Fig. 13. Apatite Eu anomalies (Eu/Eu�) vs (a) host-rock ASI and (b) apatite chondrite-normalized La/Yb ratios; Eu�N ¼ (1/2)SmN þ (1/2)GdN.
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similar to those of apatite (Electronic AppendixTable 5c)
and it concentrates LREE, and (2) it can precipitate from
oxidized mafic magmas, although it usually crystallizes
later than apatite in the Lachlan Fold Belt granites (Sha
& Chappell,1999). Once crystallization of titanite becomes
important in the magma, the LREE enrichment of apa-
tites crystallized later or synchronously becomes smaller.
In metaluminous Gangdese rocks, as the slopes of the

LREE patterns of the apatites become less steep, their neg-
ative Eu anomalies generally deepen, especially in the
more mafic rocks (Fig. 15). This effect can be produced by
crystallization of plagioclase concurrent with or before
apatite. In mafic magmas, only the crystallization of plagi-
oclase can deplete Eu by selectively extracting Eu2þ (see
Table 1), and plagioclase is the major rock-forming mineral
in these rocks that prefers the LREE to the HREE (e.g.
Dunn & Sen, 1994: DLa ¼ 0�075^0�18, DCe ¼ 0�062^0�14,
DEu ¼ 0�48^0�79, DGd ¼ 0�016^0�067, and DYb ¼ 0�004^
0�014 for plagioclase in basaltic to andesitic arc magmas),
although its partition coefficients (D) for the LREE are

less than unity. Amphibole and pyroxene can also fraction-
ate the REE, but these are not major phases.
We assume that only apatite and plagioclase compete for

the REE in the mafic magmas, as apatite is the only
common early crystallized accessory phase that can con-
centrate the REE (Hoskin et al., 2000). In the literature,
apatite partition coefficients for basic and intermediate
magmas vary widely (e.g. DLa¼ 2�5^28�2; Electronic
Appendix Table 4). The ability of apatite to concentrate
La, for example, can be 15^380 times that of plagioclase.
Nevertheless, the modal abundance of plagioclase typically
is a few hundred times that of apatite in mafic intrusive
rocks.
Mass-balance considerations suggest that crystallization

of both accessory minerals and rock-forming minerals can
cause subtle changes in apatite REE patterns within a
single magma chamber. Plagioclase also preferentially con-
centrates Sr. Although apatite has a Sr partition coefficient
of more than unity (1�1 to �8; Electronic Appendix
Table 4), comparable with that of feldspar, the Sr content

Fig. 14. Host rock-normalized REE patterns of apatites (black lines with open symbols) and chondrite-normalized REE patterns of their host-
rocks (light grey lines with filled symbols); that is, some examples of S-type granites and evolved I-type peraluminous granites.
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of apatite is mostly lower than that of its host magma after
competition with abundant plagioclase (Fig. 5a).
Apatites that crystallized earlier than plagioclase

have lower HREE contents (down to510 times the con-
tents of the bulk-rock) and upward-concave REE patterns.
Because the highest partition coefficients for apatite are
around Sm, Gd or Tb in mafic magmas (Electronic
AppendixTable 4), this can be attributed to the fractiona-
tion of pyroxene and amphibole, which are HREE-
enriched. In summary, apatite in these mafic magmas
started to crystallize later than pyroxene and/or amphi-
bole, but together with, or a little earlier than, plagioclase.
This demonstrates that the REE and Sr contents of apatite
can be used as tracers for magmatic processes, and apatite
has the ability to retain information on the geochemical
evolution of the host magma.

Indicators of petrogenesis
The Sr contents, REE patterns and Eu anomalies of apa-
tite are related to the geochemical composition of its host
magma, and thus they have high potential as indicators of
magma mixing and/or compositional heterogeneity in the
magma source region. The peculiar behavior of these indi-
cators in apatites from ET025C (a metaluminous adakite;
Fig. 8c), ET026I (an isaluminous I-type granite; Fig. 9l),
ST146A (a peraluminous I-type granite; Fig. 9o), and
T027 (an I-type peraluminous adakitic granite; Fig. 10a)
provides examples. These apatites share some of the
following characteristics: (1) a positive Eu anomaly incon-
sistent with that of the host-rock; (2) higher Sr abundances

than their host-rocks or widely variable Sr abundances;
(3) REE patterns inconsistent with the host-rock
aluminosity.
Apatite REE patterns commonly exhibit negative (or

no) Eu anomalies, reflecting both the redox state of the
host melt and particularly the fractionation of feldspar
(alkali felspar and plagioclase) and of epidote to some
degree (Bea, 1996). Positive Eu anomalies in apatites
cannot be produced by fractionation processes, but reflect
a magma source with a positive Eu anomaly. In some apa-
tites in sample ST146A, for example, the Eu peaks in the
REE patterns show that these apatites crystallized in a
magma with a positive Eu anomaly, but the bulk magma
of ST146 shows mild Eu depletion (Fig. 9o). The inconsis-
tent positive Eu anomalies in the apatites strongly suggest
that at least two magmas or magma sources were involved.
One, from which most of the apatites with negative Eu
anomalies crystallized, was peraluminous with a composi-
tion more like the bulk-rock of ST146. The other has an
ASI less than 1�1, with a positive Eu anomaly, suggesting
that the source of this magma essentially consisted of feld-
spar cumulates.
The Sr contents of apatites are analogues of the magma

from which they crystallized. Commonly, apatite contains
less Sr than its host-rock and shows limited ranges in Sr
concentration (less than 200 ppm; Fig. 5a). Some of the
apatite grains in T027, ET026I and ET025C have much
higher Sr contents than the values expected from their
whole-rock ASI or Sr contents, and they also show a
range in Sr abundance of4400 ppm (Fig. 5a). During the
formation of these three samples, magmas with much

Fig. 15. Correlation between Eu anomaly and chondrite-normalized La/Nd ratios, representing the degree of LREE enrichment of apatites in
I-type Gangdese mafic rocks and ET026I, an isaluminous I-type granite.
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higher Sr contents than the final bulk-rock must have
existed in the magma chamber or the magma source.
Because the Sr abundances of magmas decrease with frac-
tional crystallization, such magmas were probably more
mafic than the final bulk-rock composition (Fig. 5b).
Values of (Srapatite/Srbulk-rock) 41 are therefore suggested
as an indicator that a more mafic magma was involved in
magma genesis. The observed correlations between apatite
Sr contents and some host-rock major and trace elements
(e.g. Fig. 5b) make it possible to identify the geochemistry
of the possible end-member magma.
Zircons inT027 and ET026I were analysed for their Hf

isotopic compositions; the results display pronounced vari-
ation in, and correlation between, trace-element abun-
dances and ratios [e.g. 176Yb/177Hf (0�01^0�07)] and Hf
isotope compositions which vary over 10 epsilon-units
(Chu, 2006; see Electronic Appendix Fig. 2). These data

suggest that at least two magmas with different isotopic
and trace-element signatures mixed during the formation
of samples T027 and ET026I.
Although sample ET026I has a whole-rock ASI ¼1�0, its

apatite has an inconsistent, steep LREE-enriched REE
pattern with no Eu anomaly, similar to those in mafic
rocks such as T044E, ST141A and T036C (Fig. 9a, c and
e). These apatites also have higher Sr concentrations than
their host-rock. The geochemical characteristics of the
ET026I apatites therefore suggest that they originated in a
much less evolved magma. Either magma mixing or
source heterogeneity can be responsible for these inconsis-
tent apatite REE patterns.
Apatite in ET025C, a metaluminous adakite, would be

expected to have a strongly LREE-enriched REE pattern,
based on the general trend of REE variation vs ASI.
However, ET025C contains some apatite grains with flat

Fig. 16. Minor and trace element discrimination plots for apatite from Transhimalayan intrusive rocks with variable aluminosity.
Corresponding aluminosity of the granitoids is shown by numbers.
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REE patterns (Fig. 8c) and no transitional patterns are
observed. These apatites may be (1) inherited from the
magma source, (2) crystallized from an evolved adakitic
magma after differentiation, or (3) derived through wall-
rock contamination by the (peraluminous) crust of the
Lhasa terrane. If a peraluminous adakitic magma had
evolved through magma mixing or fractional crystalliza-
tion, the newly forming apatites should have characteris-
tics similar to those inT016 with mild LREE enrichment.
In addition, although the source rocks of the adakite
magma may contain apatite with flat REE patterns (Bea
& Montero, 1999), high Sr contents in apatite are also
expected. This is not the case in ET025C; however, a
small degree of wall-rock contamination, which would not
significantly modify the bulk-magma REE pattern, can
reasonably explain the presence of two types of apatite
REE patterns.

Provenance discrimination
In the Transhimalayan intrusive rocks, apatite geochemis-
try is more strongly controlled by whole-rock aluminosity
(ASI) than by silica content. Systematic variations in the
minor- and trace-element composition of apatite relative
to host-rock ASI are observed, especially in F, Mn, Sr and
REE contents and chondrite-normalized REE patterns,
including the LREE/HREE ratio, Eu anomaly and Nd
anomaly (Table 2). The behaviour of Fand Mn in apatites
is associated with magmatic differentiation or aluminosity
and independent of rock type, whereas that of Sr and
REE varies with both aluminosity and rock type.
Mn, Sr and REE were suggested as discriminants based

on the statistical analysis approach of Belousova et al.
(2002), although adakites were not included in their data-
base. The abundances of these elements and F in
Transhimalayan apatites show variations comparable with

Fig. 16. Continued.
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those observed by Sha & Chappell (1999). These studies
also demonstrate the potential of the abundances of F,
Mn, Sr and REE as provenance indicators in detrital apa-
tite. After rejecting those apatite data that are not repre-
sentative of their host-rock composition, the geochemical
data for apatite in Transhimalayan rocks have been used
to generate discrimination plots, distinguishing apatites
from I-type mafic rocks, I-type granites, and S-type gran-
ites (Fig. 16). Where apatite compositions in these rock
types plot far from the recommended fields in Fig. 16,
magma mixing or source heterogeneity may be involved,
and this emphasizes the need to evaluate the data by popu-
lation; single grains may give misleading results.
Apatites in peraluminous I-type and S-type rocks, par-

ticularly those with ASI41�1, have similar geochemistry
in terms of major, minor and trace elements, and typically
flat REE patterns. This makes it difficult to distinguish
between peraluminous I-type and S-type rocks using apa-
tite geochemistry. If in situ Sr or Nd isotope compositions
of apatites can be measured, better constraints on the pet-
rogenesis might be obtained.

CONCLUDING REMARKS
The aluminosity (ASI) of the host magma is a critical con-
trol on the geochemical behavior of apatite in
Transhimalayan plutonic rocks. This is consistent with the
observations of Bea (1996), Sha & Chappell (1999) and
Hsieh et al. (2008). Abundances of trace elements in
Transhimalayan apatites vary not only with the aluminos-
ity of the host magma, but also more specifically with
rock type. The composition of apatite shows significant
variation between metaluminous and peraluminous
magmas, and between rock types, particularly in terms of
F, Mn, Sr and REE contents, demonstrating the potential
of apatite geochemistry as a petrogenetic tracer.
The behavior of minor elements, including Fand Mn, in

Transhimalayan apatites is independent of the host
magma type; that is, I-type intrusions, S-type granites
and adakites. F contents in apatite increase with host-rock
aluminosity. Mn contents rise with increasing aluminosity
of the peraluminous host-rock. Accordingly, F and Mn
contents of apatites carry specific information about
magma aluminosity or fractionation.
Sr concentrations in apatites mimic those of the host

magmas, and in general are lower than those of host
magma with restricted ranges of 5200 ppm. Apatite Sr
contents can be used to discriminate between host-rock
types; the Sr content of apatite in adakites is substantially
higher for a given host-rock aluminosity or a given Fabun-
dance in the apatite itself, and the value is comparable
with that in I-type mafic rocks. Significantly larger ranges
in Sr content, and apatite Sr contents higher than their
host-rock, may indicate that these apatites crystallized in

magmas of different trace-element composition from the
bulk-rock, and signal the effects of magma mixing.
The REE patterns of apatite show potential in petroge-

netic applications. The patterns normally vary from
strongly LREE-enriched to flat, reflecting the crystalliza-
tion of competing rock-forming and accessory minerals,
producing depletion in Eu and even Nd. They also can be
modified by specific magma compositions; for instance,
the HREE-depleted characteristics of apatites from ada-
kites. When apatite shows REE patterns and/or positive
Eu anomalies that are inconsistent with the host-rock alu-
minosity and Eu depletion, this implies the effects of
magma mixing, crustal contamination or source heteroge-
neity in the generation of the magma.
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