
GEOSCIENCE FRONTIERS 3(5) (2012) 635e646

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
available at www.sciencedirect.com

China University of Geosciences (Beijing)

GEOSCIENCE FRONTIERS

journal homepage: www.elsevier.com/locate/gsf
RESEARCH PAPER

An Early Cretaceous garnet-bearing metaluminous
A-type granite intrusion in the East Qinling Orogen,
central China: Petrological, mineralogical and
geochemical constraints
Jinyang Zhang a,*, Changqian Ma b,c, Zhenbing She b
aFaculty of Earth Resources, China University of Geosciences, Wuhan 430074, China
bFaculty of Earth Sciences, China University of Geosciences, Wuhan 430074, China
c State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan 430074, China

Received 30 June 2011; accepted 16 November 2011
Available online 17 February 2012
KEYWORDS
Garnet;
A-type granite;
Early Cretaceous;
East Qinling Orogen
* Corresponding author. Faculty of Earth

Geosciences, No. 388, Lumo Road, Wuha

E-mail addresses: geomantleflow@g

edu.cn (J. Zhang).

1674-9871 ª 2011, China University of G

University. Production and hosting by Els

Peer-review under responsibility of Ch

(Beijing).

doi:10.1016/j.gsf.2011.11.011

Production and hosting by
Abstract The Erlangmiao granite intrusion is located in the eastern part of the East Qinling Orogen.

The granite contains almost 99 vol.% felsic minerals with accessory garnet, muscovite, biotite, zircon,

and Fe-Ti oxide. Garnet is the dominant accessory mineral, shows zoned texture, and is rich in

w(FeO) (14.13%e16.09%) and w(MnO) (24.21%e27.44%). The rocks have high SiO2, alkalis, FeOt/

MgO, TiO2/MgO and low Al2O3, CaO with w(Na2O)/w(K2O)> 1. Their Rb, Ga, Ta, Nb, Y, and Yb

contents are high and Sr, Ba, Eu, Zr, P, and Ti contents are low. These features indicate that the Erlang-

miao granite is a highly evolved metaluminous A-type. Garnet crystallized at the expense of biotite from

the MnO-rich evolved melt after fractionation of biotite, plagioclase, K-feldspar, zircon, apatite, and

ilmenite. The relatively high initial 87Sr/86Sr ratios (0.706e0.708), low and negative 3Nd (120 Ma) values
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Figure 1 a: Simplified map of China

Orogen; c: Simplified geological map o

abbreviation for 05HL02-2.
(�6.6 to �9.0), and old Nd model ages (1.5e1.7 Ga) suggest that the rocks were probably formed by

partial melting of the Paleoproterozoic granitic gneisses from the basement, with participation of

depleted mantle in an extensional setting.

ª 2011, China University of Geosciences (Beijing) and Peking University. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Garnet-bearing granites are widely distributed in orogenic belts
(Barbarin, 1996, 1999; Sylvester, 1998) and their genesis is still
controversial. Thevastmajority of garnet-bearing granites are S-type
and were probably derived from partial melting of predominantly
metasedimentary crustal rocks (Chappell andWhite, 1974; Clemens,
2003) although a few authors have questioned the whole concept of
S-type granites (e.g.Kemp et al., 2007).Aminority of garnet-bearing
granites have more complicated origins than ordinary S-type gran-
ites. Some are I-type granites that have undergone unusual frac-
tionation or contamination in volcanic arcs (White et al., 1986; du
Bray, 1988; Zhou and Yu, 2001; Wu et al., 2004; Yu et al., 2004),
whereas others are A-type granites formed in anorogenic or exten-
sional environments (du Bray, 1988).

Garnet is an uncommon constituent within granite and has
variable compositions. It has been shown that spessartine-rich
garnet generally crystallized in equilibrium with S-type,
aluminum- and manganese-rich granitic magma at relative low
pressures (Green, 1977; Abbott, 1981; Allan and Clarke, 1981;
Stone, 1988; Dahlquist et al., 2007). However, du Bray (1988)
argued that a manganese-rich condition is probably not required
. Black area represents the East Qin

f the Erlangmiao intrusion showing
for crystallization of spessartine-rich garnet. It is undetermined
whether there is a relationship between garnet composition and
granite genesis and what controls garnet crystallization from
granite (Miller and Stoddard, 1981; Stevens et al., 2007; Villaros
et al., 2009).

The eastern part of the East Qinling Orogen, central China,
contains large volumes of Early Cretaceous granites (Li et al., 1993),
and the majority of them are I-types. However, a garnet-bearing
A-type granite intrusion occurs at the Erlangmiao and thus
provides an opportunity to discuss garnet genesis and petrogenesis.

2. Geological setting

The Qinling Orogen extends for over 2000 km across central
China, separating the North China Craton to the north from the
Yangtze Craton to the south (Fig. 1a). It has a prolonged
Precambrian history (Zhang et al., 1996; Zhu et al., 2011) and was
mainly built by two collisional events during EarlyeMiddle
Paleozoic and Early Mesozoic and the Shangdan and Mianlue
suture zones formed during these collisions (Ratschbacher et al.,
2003; S.Z. Li et al., 2007; Tseng et al., 2009; Xiang et al.,
2011). Geographically, it is commonly separated into a western
ling Orogen; b: Geological map of the eastern portion of East Qinling

sample locations. A roof pendant is shown within the intrusion. 2-2,
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and an eastern orogen. Our study area is located in the eastern part
of the East Qinling Orogen and consists mainly of Paleoproter-
ozoic metamorphic rocks, Mesoproterozoic metamorphosed
volcano-sedimentary rocks, Neoproterozoic sedimentary rocks
and Early Cretaceous granites (BGMRHP, 1989) (Fig. 1b). The
Paleoproterozoic metamorphic rocks are strongly migmatitic and
their protoliths are difficult to be distinguished. Detailed field
surveys and petrographical studies indicate that they are mainly
composed of banded, augen migmatites and migmatitic gneisses
and were mainly undergone Neoproterozoic and Early Cretaceous
migmatization (BGMRHP, 1989). The Mesoproterozoic meta-
morphosed volcano-sedimentary rocks are composed chiefly of
amphibolite- to greenschist-facies two-mica quartz schists and
marbles. Zircon U-Pb geochronological studies from the Shang-
zhou in Shanxi Province indicate that their protoliths were formed
during 1150e1200 Ma and then metamorphosed at 1100 Ma
(Zhang et al., 2004a). The Neoproterozoic sedimentary rocks are
sandstones and pelites and were deposited as coastal and neritic
facies (BGMRHP, 1989).

The Early Cretaceous granites are mainly biotite monzogranite
and were emplaced at 120e130 Ma based on dating by the
LA-ICP-MS zircon U-Pb method (Zhou et al., 2008). The
Erlangmiao intrusion was emplaced later than the other wide-
spread Early Cretaceous granites in the region and contains garnet
Figure 2 a: Garnet-bearing granite containing garnet aggregates from

and biotite schist xenoliths in the southeast margin of the Erlangmiao i

05HL08-3 in cross-polarized light; d: An acicular biotite crystal among

light.
that is visible in the field, which is the only garnet-bearing
intrusive body in the region.
3. Field occurrence of the Erlangmiao granite

The Erlangmiao intrusion is located in the eastern part of Fang-
cheng County, Henan Province and has an elliptical shape and an
exposure of ca. 1.5 km2 (Fig. 1c). It intruded migmatitic gneisses
with sharp contacts, and was itself intruded by fine-grained aplites
and coarse-grained pegmatites. The intrusion includes medium-
and fine-grained granite. The medium-grained granite constitutes
the main body of the intrusion and the fine-grained granite only
occurs in the southeast margin of the intrusion, where it is several
tens of meters wide and has a transitional relationship with
medium-grained granite and sharp contacts with the migmatitic
gneiss. Large roof pendants of migmatitic gneiss are found within
the intrusion. Garnet can be observed randomly throughout the
intrusion and forms aggregates (Fig. 2a) in the northwest of the
intrusion. Migmatitic gneiss xenoliths, chilled margins of 10 cm
wide, and biotite schist xenoliths occur at the southeast margin of
the intrusion (Fig. 2b). The angular xenoliths and chilled margins
within the Erlangmiao intrusion suggest that the granite was
emplaced at a shallow crustal level.
the northwest part of the Erlangmiao intrusion; b: Migmatitic gneiss

ntrusion; c: Biotite (Bt) and muscovite (Ms) aggregate from sample

K-feldspar (Kfs) crystals from sample 05HL08-3 in plane-polarized
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4. Petrographic description of the Erlangmiao
granite

The Erlangmiao granite contains quartz (w34 Vol.%), K-feldspar
(w40 Vol.%), plagioclase (w25 Vol.%), and accessory minerals
(1 Vol.%e2 Vol.%). Accessory minerals include garnet, musco-
vite, biotite, zircon, and Fe-Ti oxide. Plagioclase is usually
euhedral and few sericite aggregates occur along cleavages and at
the edges of grains. K-feldspar includes microcline and meso-
perthite. Quartz forms typically interstitial anhedral grains with
undulose extinction. Brownish yellow, subhedral to euhedral
garnet crystals, with diameters of about 1e1.5 mm and containing
irregular cracks, form a dominant proportion of the accessory
minerals and are ubiquitous within the intrusion. They are locally
zoned, with large, brownish yellow cores and thin, colorless rims.
The resorbed (as showed in Fig. 3) rims of garnet were observed.
The contents of biotite and muscovite are low. They are
commonly altered and occasionally form aggregates (Fig. 2c).
Some acicular biotite grains are distributed among K-feldspar
(Fig. 2d). Euhedral zircon crystals within plagioclase were
observed. Undulose extinction, subgrain and polygonal grain of
quartz, curving micas, porphyroclastic feldspar, and sericite
appear and occur more frequently near the southwest of the
Erlangmiao intrusion, which confirms that deformation over-
printing granitic rocks is stronger near the southwest contact zone.
Figure 3 Microphotographs (plane-polarized light) and compositions of

represent analytical spots and their symbols.
5. Analytic methods

Major elements in garnet were analyzed at the State Key Labo-
ratory of Geological Processes and Mineral Resources at China
University of Geosciences (Wuhan) using a JEOL JXA-8100
electron microprobe, with an accelerating voltage of 15 kV and
a sample current of 15 nA. The beam diameter was 2 mm. Errors in
the major oxides are estimated to be less than 3%. Garnet
compositions were recast to end-members using the Minpet soft-
ware of Linda R. Richard. End-members were calculated
following Deer et al. (1992), while Fe3þ determined and followed
Droop (1987). Crystal chemical formulas were based on 12
oxygens and 8 cations.

Whole-rock samples were crushed in a steel crusher and
powdered to 200-mesh size using an agate mill. Major and trace
elements were measured at the Hubei Institute of Experimental
Geology in Wuhan, Hubei Province. H2O

þ was determined by
gravimetry, CO2 by volumetry, and other major elements by
X-Ray Fluorescence (XRF). Relative standard derivations (RSD)
are within 1% except for H2O

þ and CO2. Rare earth elements, Y,
Ba, Co, Ni, Sr, V, Nb, Ta, Zr, Hf, Sc, and Th were determined by
Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES); Rb, Pb, and Cr by XRF; Ga by Powder Emission
Spectrometry (PES); and U by Laser Induced Fluorescence
Spectroscopy (LIFS) with RSD of 3%e10%. Analyses of
zoned garnet from the Erlangmiao granite. Solid circles and numbers
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international standard reference samples and details of apparatus
were reported in Gao et al. (1991). Sr-Nd isotopic analyses were
determined using a MAT-262 at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (CAS), Beijing,
following procedures described by Chen et al. (2000).

6. Garnet chemistry

The results of major element analysis of two zoned garnet grains
from the Erlangmiao granite (05HL04-3) are listed in Table 1. The
garnet is MnO-rich and MgO-poor. The rims of both grains
contain lower CaO and TiO2 contents but higher MnO and Al2O3

contents than the cores. Distribution of MgO, FeO, and Na2O
contents is relatively complex between the rims and the cores
(Fig. 3). The cores of garnet are mainly composed of spessartine
(w 54 mol.%), almandine (w 30 mol.%), and grossular (w
12 mol.%) with small amounts of andradite (w 3 mol.%) and
pyrope (w 1 mol.%), while the rims are dominated by spessartine
(w 62 mol.%) and almandine (w 34 mol.%) with few andradite
(w 3 mol.%), pyrope (w 1 mol.%), and grossular (w 1 mol.%).

7. Whole rock geochemistry

The results of major oxides, trace elements, and Sr-Nd isotope
analyses of the Erlangmiao granite are given in Tables 2 and 3.
The granite has high SiO2 and alkalis contents, and very low CaO,
FeO, Fe2O3, and MgO contents, with w(K2O)/w(Na2O) < 1. Most
samples show metaluminous character with ACNK molar Al2O3/
(CaOþNa2OþK2O) < 1; only two samples exhibit higher ACNK
values (1.03e1.05) and are weakly peraluminous. The rocks are
characterized by low total rare earth element (REE) contents and
light REE (LREE)/heavy REE (HREE) ratios (8.6e9.8) with
a strong negative Eu anomaly. The primitive mantle-normalized
REE patterns are slope to the left (Fig. 4a), influencing obvi-
ously by garnet. Three samples show slight tetrad effects with
TE1, 3 � 1 (Wu et al., 2004). Rubidium, K, Th, Ta, Nb, Zr, Hf, Y,
Table 1 Compositions of representative zoned garnet from sample 05

Grain 1

Gt1-1 Gt1-2 Gt1-3 Gt1-4 Gt1-5 Gt1-6 Gt1-7 Gt1-8 Gt1-9

Rim Rim Core Core Core Core Core Core Rim

SiO2 36.17 36.10 35.94 35.91 36.16 36.67 35.80 35.90 36.18

TiO2 0.05 0.08 0.42 0.56 0.51 0.50 0.51 0.40 0.06

Al2O3 20.21 19.92 17.68 17.19 16.89 17.06 17.45 18.32 19.82

FeO 15.40 15.65 14.80 14.70 14.68 15.09 14.78 14.81 15.42

MnO 26.82 26.64 24.66 25.22 25.06 24.40 24.84 24.27 26.62

MgO 0.22 0.19 0.15 0.21 0.24 0.24 0.24 0.20 0.23

CaO 1.19 1.42 5.65 5.54 5.71 5.68 5.45 5.21 1.16

Na2O e 0.04 0.09 0.14 0.09 0.12 0.15 0.13 0.06

K2O 0.00 0.03 0.01 0.00 0.01 0.02 0.02 0.01 0.01

Cr2O3 0.01 0.03 e 0.02 e e e 0.00 0.01

Total 100.06 100.08 99.40 99.49 99.35 99.78 99.23 99.25 99.58

Spess 62.2 61.3 53.7 54.4 53.9 52.9 54.0 53.8 62.0

Alm 33.5 33.8 30.2 29.7 29.6 30.7 30.1 30.8 33.7

And 2.7 2.7 2.9 2.9 2.9 3.0 2.9 2.8 2.7

Gross 0.8 1.4 12.7 12.2 12.6 12.6 12.1 11.8 0.7

Pyrope 0.9 0.8 0.6 0.8 0.9 0.9 0.9 0.8 0.9

Gt, garnet; e, not detected.
and Yb contents of the rocks are high while Ba, Ce, and Sm
contents are low on primitive mantle-normalized spider diagrams
(Fig. 4b). Al2O3, Fe2O3, Na2O, K2O, and Rb contents decrease,
while MgO and MnO contents increase with variation in SiO2

(Fig. 5). Calculated initial Sr isotopic ratios (ISr) vary from 0.706
to 0.708 and 3Nd (120 Ma) from �6.6 to �9.0. We calculated Nd
model ages using a two-stage evolutionary model (t2DM) (Li,
1996) because the 147Sm/144Nd ratios are larger than that of
average crust (0.12). Neodymium model ages are 1.5e1.7 Ga.

8. Discussion

Chemical changes influenced by deformation should be identified
and excluded. Mylonite deformation has little influence on Nd
isotopic compositions but strongly affects Sr isotopic systematics
(Barovich and Patchett, 1992). The effect of mylonite deformation
on major and trace elements is rather complex and different results
have been attained (Kerrich et al., 1980; Bialek, 1999). Appear-
ance of sericite, undulose extinction of quartz, and porphyroclastic
feldspar in thin sections are more readily present within samples
05HL04-2 and 05HL04-3, together with their abnormal 87Rb/86Sr
and ISr ratios, evidencing the effect of deformation. Therefore, ISr
values were obviously influenced by deformation, while most
elements and Nd isotopes changed little and it is feasible to use
data of most elements and Nd isotopes to discuss petrogenesis of
the Erlangmiao granite.

8.1. Garnet genesis

Garnet could occur: (1) as a refractory restite phase (Ren�e and
Stelling, 2007) or peritectic entrainment from the zone of partial
melting (Stevens et al., 2007); (2) as a xenocryst from upper mantle
rocks and/or crustal metamorphic rocks (Embey-Isztin et al., 1985);
(3) as a low-pressure precipitate or high-pressure phenocryst from
melt (Ren�e and Stelling, 2007). Magmatic garnet in igneous rocks
can be classified into three groups: (1) it occurs in strongly
HL04-3 of the Erlangmiao granite.

Grain 2

Gt2-1 Gt2-2 Gt2-3 Gt2-4 Gt2-5 Gt2-6 Gt2-7 Gt2-8 Gt2-9

Rim Core Core Core Core Core Core Rim Rim

36.08 35.98 36.85 36.38 36.10 36.62 36.42 36.29 36.22

0.07 0.52 0.54 0.51 0.50 0.58 0.52 0.10 0.05

19.99 17.36 17.06 17.03 17.36 16.70 17.08 20.15 20.29

15.38 15.73 14.84 14.83 14.13 15.40 16.09 15.31 15.99

27.44 24.21 24.77 25.17 25.11 24.78 24.60 26.57 25.90

0.17 0.23 0.23 0.25 0.21 0.25 0.21 0.21 0.24

1.09 5.36 5.73 5.84 5.60 5.66 4.85 1.18 1.33

0.03 0.12 0.13 0.14 0.11 0.14 0.14 0.02 0.07

e 0.01 0.01 e 0.02 0.01 0.03 e 0.02

0.00 e e 0.01 e 0.02 0.04 e 0.01

100.26 99.52 100.15 100.16 99.13 100.15 99.98 99.82 100.11

63.0 52.4 53.5 53.7 54.8 52.9 53.3 62.1 60.2

33.1 32.0 30.0 29.7 28.9 30.9 32.7 33.6 34.9

2.7 3.1 2.9 2.9 2.8 3.2 3.2 2.6 2.7

0.5 11.6 12.7 12.8 12.7 12.1 10.1 0.9 1.2

0.7 0.9 0.9 0.9 0.8 0.9 0.8 0.8 1.0



Table 2 Representative major and trace element analysis of the Erlangmiao garnet-bearing granite.

Samples 05HL02-2 05HL04-2 05HL04-3 05HL07-1 05HL08-3 05HL09-1 05DB21-1

SiO2 77.39 75.03 75.98 76.94 76.64 76.38 77.28

TiO2 0.05 0.05 0.10 0.04 0.04 0.06 0.05

Al2O3 12.46 13.66 13.09 12.55 12.86 12.91 12.90

Fe2O3 0.21 0.47 0.74 0.42 0.32 0.42 0.25

FeO 0.28 0.22 0.1 0.17 0.13 0.13 0.13

MnO 0.07 0.12 0.15 0.20 0.17 0.03 0.26

MgO 0.20 0.10 0.06 0.15 0.12 0.13 0.08

CaO 0.77 0.77 0.37 0.49 0.57 0.71 0.86

Na2O 4.51 4.82 4.68 4.63 5.18 4.24 4.28

K2O 3.49 4.21 3.99 3.89 3.51 4.57 3.44

P2O5 0.03 0.02 0.03 0.03 0.05 0.02 0.02

CO2 0.04 0.04 0.04 0.04 0.02 0.04 0.06

H2O
þ 0.37 0.38 0.53 0.36 0.26 0.26 0.28

Total 99.87 99.89 99.86 99.91 99.87 99.90 99.89

Cr 4.80 6.10 4.30 6.00 6.00 4.50 4.30

Sc 6.70 13.0 17.0 7.60 11.0 2.70 8.80

V 3.10 4.80 2.80 5.90 7.80 3.80 6.10

Ga 25.3 30.9 34.8 39.9 34.5 23.5 26.9

Rb 326 464 477 408 357 340 264

Sr 13.2 9.20 4.00 3.20 60.2 10.6 10.1

Y 20.4 39.6 31.6 50.2 23.1 10.9 89.2

Nb 42.4 81.1 109 77.2 94.8 29.6 36.9

Zr 56.6 113 92.6 116 108 50.2 58.3

Ba 7.90 10.7 14.6 9.20 74.8 15.4 11.7

Hf 4.20 7.70 6.90 7.20 6.90 3.80 2.40

Ta 4.90 6.20 6.50 4.50 8.90 2.20 2.10

Pb 41.3 63.8 58.4 47.6 50.2 42.6 33.9

Th 15.0 18.8 21.8 26.2 8.42 19.0 16.6

U 11.7 17.6 26.5 25.0 2.78 6.47 13.0

La 2.87 1.53 2.57 0.97 2.49 3.30 1.46

Ce 5.15 3.19 6.13 2.33 3.33 4.81 2.69

Pr 0.77 0.55 0.89 0.38 0.60 0.87 0.47

Nd 3.16 3.00 3.58 1.66 2.11 3.15 2.35

Sm 1.04 1.34 1.25 1.02 0.55 0.79 1.17

Eu 0.07 0.05 0.05 0.05 0.07 0.09 0.07

Gd 1.15 1.80 1.66 1.58 0.70 0.84 2.18

Tb 0.25 0.45 0.42 0.47 0.19 0.19 0.62

Dy 1.82 3.54 3.24 4.10 1.52 1.29 6.79

Ho 0.49 0.97 0.91 1.16 0.35 0.32 2.34

Er 1.99 3.87 3.58 4.95 1.20 1.22 12.2

Tm 0.42 0.86 0.77 1.15 0.27 0.24 3.18

Yb 3.54 7.52 6.33 10.2 2.11 1.91 33.0

Lu 0.65 1.39 1.14 1.89 0.35 0.34 6.80
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peraluminous S-type dacites-rhyolites or granites and crystallized
under low pressure in the upper crust with high FeO contents
(w(FeO) > 30%) (Clemens and Wall, 1981, 1984; Gilbert and
Rogers, 1989; Lackey et al., 2006; Ren�e and Stelling, 2007;
Mirnejad et al., 2008); (2) occurs in basalts, andesites, dacites,
rhyolites or tonalitic and granodioritic porphyries and crystallized
under high pressure in the lower crust or mantle with w(FeO)
20%e30%, w(MgO) 5%e10%, and w(CaO) w5% (Green and
Ringwood, 1968; Hamer and Moyes, 1982; Day et al., 1992;
Harangi et al., 2001; Aydar and Gourgaud, 2002; Patranabis-Deb
et al., 2009; Yuan et al., 2009); and (3) occurs in pegmatites,
aplites, and granites and crystallized from post-magmatic fluids or
highly fractionated magma with w(MnO) w30% and w(FeO)
10%e15% (Speer and Becker, 1992; Whitworth, 1992). The
Erlangmiao garnet is euhedral to subhedral, strongly zoned, and has
high FeO and MnO contents. It is magmatic origin and crystallized
from highly fractionated granite.

Miller and Stoddard (1981) and Abbott (1981) discussed and
reviewed how garnet could crystallize at the expense of biotite in
MnO- and Al2O3-rich evolved magma. However, Hogan (1996)
argued that late crystallization of garnet reflects increasing Al in
the melt but does not necessarily require high Mn activities for the
melt. Positive relationship of SiO2 andMnO, rather higherw(MnO)/
w(FeOt þ MgO) ratios (0.1e0.5) of the Erlangmiao granite, and
MnO-rich garnet support that the Erlangmiao granite crystallized
from a highly evolved MnO-rich magma. The Erlangmiao granite



Table 3 Representative Sr-Nd isotopic data of the Erlangmiao garnet-bearing granite.

Samples 05HL04-3 05HL07-1 05HL09-1 05DB21-1 05HL08-3

Rb 505 421 361 279 370

Sr 3.64 2.84 9.89 8.72 49.6
87Rb/86Sr 430.3 454.9 107.5 93.18 21.43
87Sr/86Sr 1.386541 1.417543 0.876193 0.852025 0.740663

2s 0.000036 0.000082 0.000049 0.000012 0.000012

ISr 0.713949 0.706488 0.708087 0.706366 0.707164

Sm 1.43 0.956 0.846 1.14 0.578

Nd 4.07 1.54 3.40 2.21 2.09
147Sm/144Nd 0.2123 0.3740 0.1503 0.3120 0.1671
143Nd/144Nd 0.512298 0.512404 0.512265 0.512363 0.512155

2s 0.000011 0.000013 0.000013 0.000014 0.000013

t2DM(Ga) 1.6 1.6 1.5 1.6 1.7

3Nd (t) �6.9 �7.1 �6.6 �7.0 �9.0
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tends to be Al2O3-, and K2O-poor according to negative correlation
of Al2O3 and K2O with SiO2, perhaps resulted from disappearance
of biotite. This is in accord with petrography that the proportion of
biotite is low but garnet occupies a large proportion of the accessory
minerals. Therefore, MnO-rich garnet could crystallize at the
expense of biotite in a highly evolved MnO-rich magma. However,
increasing Al in the melt is not necessary due to the metaluminous
character of the Erlangmiao granite.

Zircon saturation temperature (690e760 �C) of the Erlangmiao
granite, calculated by the geothermometer of initially presented by
Watson and Harrison (1983) and revised by Miller et al. (2003),
provides a minimum crystallization temperature of the granite
because the evolved granitic melt was invariably saturated in
zircon (Miller et al., 2003). The ‘spessartine inverse bell-shaped
profile’ of garnet from granite was caused by diffusion above
700 �C (Dahlquist et al., 2007) and is evidence of crystal growth
under conditions of falling temperature (Allan and Clarke, 1981).
This is the case for the Erlangmiao zoned garnet, which supports
the crystallization temperature from zircon saturation geo-
thermometer. Garnet generally crystallizes from high-silica
granite under very low-pressure conditions, estimated as low as
2e3 kbar by Speer and Becker (1992) and even as low as 1 kbar
by Clemens and Wall (1981). As for the Erlangmiao granite,
although no precise geobarometry can be used, field features
Figure 4 a: Primitive mantle-normalized REE patterns, and b: spider di

(1979, 1980).
indicate that it was emplaced at a shallow crustal level and thus
formed under low-p conditions.

8.2. Petrogenesis

8.2.1. Classification of the Erlangmiao granite
Granitoids are genetically divided into I-, S-, M-, and A-types.
A-type granites, firstly defined by Loiselle and Wones (1979),
were generally emplaced at a shallow crustal level and may vary
in lithology from syenite to metaluminous and peralkaline granite.
These rocks are commonly low in Al2O3, CaO, H2O and high in
alkalis, and FeOt/MgO and TiO2/MgO ratios. Their REE contents
(except Eu), Ga, Zr, Nb, and Ta are usually high, while their Ba,
Sr, and Eu contents are low, with high zircon saturation temper-
ature (Collins et al., 1982; Clemens et al., 1986; Whalen et al.,
1987; Eby, 1990, 1992; Creaser et al., 1991). They were mostly
formed under H2O undersaturated (Clemens et al., 1986;
Dall’Agnol et al., 1999; Klimm et al., 2003) and oxidized
(Dall’Agnol and de Oliveira, 2007) conditions in extensional
environments. Classification of highly evolved granite may not be
confidently done by the above diagnostic elements, such as dis-
tinguishing metaluminous A-type granites from highly fraction-
ated I-type granites, especially while lack of a less evolved
association within pluton (King et al., 1997).
agrams of the Erlangmiao granite. Normalized data from Wood et al.



Figure 5 Harker diagrams for the Erlangmiao granite.
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Though containing accessory garnet, the Erlangmiao granite is
obviously distinct with typical garnet-bearing S-type because of
its relative low ACNK ratios and P2O5 contents (King et al., 1997,
2001; Zhang et al., 2004b), but is best classified as metaluminous
A-type (X.H. Li et al., 2007). The rocks have high alkalis contents
and low Al2O3 and CaO contents. Their FeOt/MgO and TiO2/MgO
ratios and Ga, Ta, Nb, Y, and Yb contents are relative high, with
Figure 6 A-type granites discrimiation diagrams for the Erlangmiao gra

S-type granite.
Y/Nb < 1.2 (except sample 05DB21-1). This is also evident in
discrimination diagrams (Fig. 6) in which all samples plot in the
field of A-type granites.

Compositions of magmatic garnet from granites might provide
information about the classification of their host. We demonstrate
this by examining reported major elements of magmatic garnet
from various granites in the literature and the results are
nite after Whalen et al. (1987). A, I, and S refer to A-type, I-type, and
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summarized in Fig. 7. It is evident that garnet from A-type
granites tends to have higher MnO, and lower FeO and MgO
contents, whereas garnet from S-type granites has a variable and
wide range of MnO, FeO, and MgO contents, although there is
a partial overlap. The Erlangmiao garnet is distributed within the
area of A-type granites (Fig. 7), confirming the metaluminous A-
type attribute of its host.

8.2.2. Magmatic sources
Several hypotheses have been proposed to interpret the genesis of
A-type granites (see reviews in Martin, 2006 and Bonin, 2007):
(1) fractional crystallization of a mantle-derived mafic magma
with or without crustal contamination, (2) crustal rocks fenitized
by mantle-derived fluids, (3) remelting of precursor granites or
high-grade metasedimentary rocks that underwent an earlier
melting event, and (4) melting of calc-alkaline I-type tonalites and
granodiorites or hornblende- and biotite-bearing granites in the
crust. Though model (4) is still debated, we think that the
Erlangmiao metaluminous A-type granite might have originated
from partial melting of granitic rocks in the crust based on the
following two reasons.

Firstly, Model (4) can illuminate the characteristics of metal-
uminous A-type granite (Pati~no Douce, 1997) while the other
three models have their limitations. Model (1) can interpret the
origin of peralkaline granites (Peccerillo et al., 2003). Model
(2) could explain well the anorogenic igneous suites including
carbonatite, nephelinite, phonolite, syenite, and granite (Woolley,
1987; Martin, 2006). Model (3) cannot explain some geochemical
signatures of A-type granites such as low Al2O3, CaO and high
K2O, SiO2 (Pati~no Douce, 1997).

Secondly, Early Cretaceous migmatization pervasively affected
the Paleoproterozoic granitic gneisses in the region, showing
a genetic relationship between the Paleoproterozoic granitic
gneisses and Early Cretaceous granites. This can be established
Figure 7 FeO-10� MgO-MnO triangular diagram of garnet from

various genetic granites. I-type, S-type, A-type, and Mantle represent

garnet from I-type granites, S-type granites, A-type granites, and

igneous rocks originating from mantle. Major elements of garnet are

from: I-type granites, Wu et al. (2004) and Yu et al. (2004); S-type

granites, Plank (1987), Kebede et al. (2001), Jung et al. (2001), Jung

and Hellebrand (2006), and Dahlquist et al. (2007); A-type granites,

du Bray (1988), Wu et al. (2004), Wang et al. (2003), and Yu et al.

(2005); igneous rocks originating from mantle, Kawabata and

Takafuji (2005), Harangi et al. (2001), and Chen and Zhao (1991).
using the Nd isotope data. The Paleoproterozoic granitic gneisses
have nearly the same 3Nd (120 Ma) values (Zhang et al., 1994) as
the Early Cretaceous granites in the region (Fig. 8) (Zhou et al.,
2008) and Nd model ages (w2.0 Ga) of the Early Cretaceous
granites and the formation age of the Paleoproterozoic granitic
gneisses are also similar, whereas the 3Nd (120 Ma) values of the
Erlangmiao granite (�6.6 to �9.0) are less negative and its Nd
model ages (1.5e1.7 Ga) are younger. Considering the gradually
increased role of the asthenosphere during the Early Cretaceous in
the QinlingeDabie region (Chen et al., 2010), we infer that partial
melting of the Paleoproterozoic granitic gneisses formed Early
Cretaceous granites, subsequently, with participation of depleted
mantle, continuous partial melting possibly produced the Erlang-
miao granite.

8.2.3. Fractional crystallization
The Erlangmiao granite contains almost 99% felsic minerals,
together with high SiO2, low FeO, Fe2O3, MgO, Eu, Sr, Ba, P, and
Ti contents, demonstrating that it is highly evolved. Petrographical
evidence and the very low MgO content indicate separation of
biotite. Strong Eu depletion requires extensive fractionation of
plagioclase and/or K-feldspar. It could also be caused by fluid-
melt interaction process in highly evolved magmas. The REE
tetrad effect will arise if fluids interact with the fractionated
granitic melt (Wu et al., 2004). The tetrad REE patterns are not
observed in the Erlangmiao granite and their TE1, 3 are mostly
lesser than 1.0, which indicates that fluid-melt interaction is
insignificant. Fractionation of plagioclase would result in unity of
ACNK, increasing NK/A molar ((Na2O þ K2O)/Al2O3) ratios and
negative Sr-Eu anomalies, while separation of K-feldspar would
lead to increasing Na2O/K2O ratios and negative Eu-Ba anomalies
(Wu et al., 2003). Fractionation of K-feldspar usually follows that
of plagioclase (Couch, 2003). Europium, Sr, and Ba of the
Erlangmiao granite are negative anomaly, ACNK ratios tend to
unity and Na2O/K2O ratios increase while K2O, Na2O decrease
with increasing SiO2 (Fig. 5), which favors fractional crystalli-
zation of plagioclase and K-feldspar. Low SREE contents of the
Erlangmiao granite suggest separation of REE-rich minerals and
low Zr, P, and Ti contents further indicate fractional crystallization
Figure 8 Histogram of 3Nd (120 Ma) values from the Erlangmiao

granite, the Paleoproterozoic granitic gneisses (Zhang et al., 1994 and

our two unpublished data), the Early Cretaceous granites (Zhou et al.,

2008), and the mafic dikes (Chen et al., 2010).
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of zircon, apatite, and ilmenite. Fractionation makes the charac-
teristics of the Erlangmiao granite depart from typical metal-
uminous A-type granites to some extent (King et al., 2001; Xie
et al., 2006), such as low FeO, Fe2O3, MgO, Zr, and Nb contents.

9. Conclusions

(1) The Erlangmiao garnet-bearing syenogranite in the East
Qinling Orogen contains almost 99% felsic minerals and was
emplaced at a shallow crustal level. The garnet, as the
dominant accessory mineral, is rich in FeO and MnO and
crystallized at the expense of biotite from MnO-rich granitic
magma.

(2) Petrography, garnet chemistry and whole rock geochemistry
suggest that the Erlangmiao granite is a highly evolved met-
aluminous A-type that underwent extensive fractionation of
biotite, plagioclase, K-feldspar, zircon, apatite, and ilmenite.
The initial magma originated from partial melting of the
Paleoprotozoic granitic gneissic basement, with participation
of depleted mantle in an extensional environment.
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