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Abstract

Late Mesozoic granitoids of the Dalat zone are of sub-alkaline affinity, belong to the high-K calc-alkaline series and display features
typical of I-type granites. The Dinhquan suite consists of hornblende-biotite granodiorites, diorites, and minor granites emplaced at
~ 110 My. These rocks have relatively low initial ®’Sr/*®Sr ratios (0.7049-0.7061) and moderate engcr) Values (—0.8 to —2.0). Chondrite-
normalized REE patterns are fractionated and have small negative Eu anomalies (Eu/Eu* = 0.55—0.97). All these characteristics, combined
with low Al,O5/(FeO + MgO + TiO,) and (Na,O + K,0)/(FeO 4+ MgO + TiO,) ratios and high Mg# values, suggest an origin through
dehydration melting of alkaline mafic lower crustal source rocks. The Cana suite contains biotite-bearing granites poor in hornblende. The
rocks are 96—93 My old in age, having higher initial %’Sr/*®Sr ratios (0.7060—0.7064) and nearly constant enger) (—2.5 to — 2.7) values.
These characteristics, in conjunction with the chemical signatures and old Tpy model ages, indicate that crustal material played a very
important role in their petrogenesis. The granites are further characterized by strong negative Eu anomalies (Eu/Eu* = 0.04-0.39) and Sr,
suggesting melting with residual plagioclase and/or a high degree of fractional crystallization. The Deoca suite is made up of 92—88 My old
pink porphyritic hornblende-biotite-bearing granodiorites, monzogranites and diorites. Initial isotopic compositions (*’St/*°Sr = 0.7055—
0.7069; engry = +0.9 to —3.3) and chemical features suggest derivation by dehydration melting of heterogeneous metagreywacke-type
sources with additional input of mantle-derived material. Furthermore, the Deoca rocks have concave-upward REE patterns indicating that
amphibole played a dominant and garnet an insignificant role during magma segregation.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The numerous granitoids and contemporary volcanic
rocks in the Dalat zone, southern Vietnam, are interpreted
as resulting from the subduction of Western-Pacific
oceanic crust beneath the SE-Asian continent during the
Cretaceous (Taylor and Hayes, 1983). The petrography and
mineralogy of these rocks are well studied, but knowledge

Abbreviations: VAG, volcanic-arc granitoids; syn-COLG, syn-
collisional granitoids; WPG, within plate granitoids; ORG, ocean-ridge
granitoids.
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of the origin, time of emplacement as well as geochemistry
is limited. Few studies on the generation of the granitoids
are available and most of them are written in Vietnamese
and are hardly accessible to the international community.
The Dinhquan and Deoca granitoids were formerly
classified as I-type granites, whereas the Cana granites
were thought to be of S-type (e.g. Hung, 1999). However,
this classification must be regarded with care because key
data to identifying the type and origin of a granite,
including geochemical and isotopic data, were not
available. This paper focuses on the origin of the
granitoids, using detailed geochemical and Nd-,Sr-, and
O-isotopic analysis to further constraint their petrogenesis.
The tectonic setting of these rocks is also discussed.
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2. Geological setting

The Dalat zone (Fig. 1) and its counterpart, the Kontum
massif, belong to the Indochina Block that consists of
fragments of Gondwana and formed the Southeastern Asian
continent during the Precambrian, Palaeozoic, and Meso-
zoic (e.g. Sengor et al., 1988; Metcalfe, 1988, 1996). The
basement of the Dalat zone is not exposed. However,
seismic data suggest that it is composed of mafic granulites
and gneisses (Khoan and Que, 1984). Such rocks occur in
the Kontum massif and K—Ar and Rb—Sr geochronology
indicate Late Paleoproterozoic (1.8—1.7 Ga; Hai, 1986) and
early Mesoproterozoic (1.6—1.4 Ga; Thi, 1985) ages,
respectively. Mesozoic plutonic and contemporary volcanic

rocks are widespread in the eastern part of the Dalat zone
and are interpreted as subduction-related products (Taylor
and Hayes, 1983). During the Neogene-Quaternary, basalts
associated with pull-apart, extensional rifts were formed
following the collision between Eurasia and the Indian
plates (Barr and MacDonald, 1981).

On the basis of petrographical and mineralogical studies,
the Dalat granitoids were subdivided into three suites: (1)
the Dinhquan suite (Trung and Bao, 1980); (2) the Cana
suite (Thang and Duyen, 1988) and (3) the Deoca suite
(Trung and Bao, 1980). Rocks of the Dinhquan suite occur
as a northeast trending belt south of the Kontum massif. The
rocks are medium-grained hornblende-biotite diorites,
granodiorites and rare granites. The major rock-forming
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Fig. 1. Simplified geological map showing the distribution of the intrusive magmatic rocks in the Dalat zone (Tien et al., 1991).
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mineral assemblage of the suite is plagioclase (oligioclase—
andesine), K-feldspar (orthoclase—microcline), quartz,
hornblende and biotite. Zircon, apatite and rare titanite are
accessory phases. Plagioclase occurs as euhedral grains with
twinning. Some grains are wellzoned. K-feldspar exhibits a
microperthitic to perthitic texture, showing no twins and
normally wrapped around euhedral plagioclase grains.
Quartz is anhedral and displays undulatory extinction
under X-polars. Hornblende is dark to palish green in
color. Locally, hornblende underwent partial alteration to
epidote and chlorite. Granodiorites contain small enclaves
having dioritic composition.

Petrographically most of the Cana rocks are leucocratic
biotite-bearing granites with scarce hornblende. These
rocks are predominantly medium to coarse-grained
displaying weakly porphyritic texture. In addition to
quartz, K-feldspar, plagioclase, biotite, hornblende, and
zircon, minor muscovite, tourmaline and cassiterite occur
as post-magmatic products, observed at the top of small
plutons or in greisenized granites. Quartz occurs as
anhedral crystals with irregular distorted boundaries and
normally occupies the interstices between feldspars.
Plagioclase is generally euhedral, displaying fine twining
or oscillatory zoning. K-feldspar occurs as anhedral to
subhedral crystals. Biotite occurs as the minute flakes,
scattered throughout the rocks. Biotite is usually chlor-
itized and contains zircon inclusions. The Deoca suite is
made up of medium-to coarse-grained granodioritic,
monzogranitic and granitic rocks, forming a belt along
the coast. The rocks are commonly pink, owing to
abundant brick red K-feldspar, but cream-white K-feldspar
is also present. The rocks exhibit porphyritic texture with
K-feldspar phenocrysts. Plagioclase is normally zoned and
the core is sericitized to varying degrees. Mafic minerals
are hornblende and biotite. Titanite and zircon are
commonly accessory minerals.

Rocks of the three suites intruded and metamorphosed
the Jurassic Bandon Formation. As can be seen in the field,
the Cana and Deoca granitoids clearly crosscut the
Dinhquan granitoids, but contact relationships between
the Cana and Deoca granitoids have not been observed.
Zircon separated from rocks of all three suites were dated
by the conventional U-Pb method and yielded concordant
ages of ~110 £ 1 My for the Dinhquan, 96—93 My for the
Cana and 92-88 My for the Deoca suites (Thuy Nguyen
et al., 2000).

3. Analytical methods

72 samples of 5—7 kg were crushed in a jaw crusher
and powdered in an agate mill to avoid contamination.
Major and trace element abundances were determined by
wavelength X-ray fluorescence (XRF) spectrometry at the
University of Tiibingen using standard techniques. Loss
on ignition (LOI) was calculated after heating the sample

powder to 1000 °C for 1h. Major and trace element
analyses were performed on fused glass discs, which
were made from whole-rock powder mixed with Li,B,0,
(1.5:7.5) and fused at 1150 °C. Total iron concentration is
expressed as Fe,O;. Analytical uncertainties range from
*1% to 8% and 5% to 13% for major and trace
elements, respectively, depending on the concentration
level.

The trace elements (Cs, Th, U, Ta, Hf, Sc and Pb) and
the REE were determined by inductively coupled plasma-
mass spectrometry (ICP-MS) at the Memorial University
of St. John’s Newfoundland, using the sodium peroxide
(Nay0O,) sinter technique, which ensures complete diges-
tion of resistant REE-bearing accessory phases (e.g.
zircon, allanite). For full details of the procedure, see
Longerich et al. (1990). The precision and accuracy of the
data have been reported by Dostal et al. (1986, 1994)).

For determination of Sr and Nd isotopic ratios,
approximately 50 mg of whole-rock powdered samples
were used. The samples were decomposed in a mixture of
HF-HCIO4 in Teflon beakers in steel jacket bombs at
180 °C for six days to ensure the decomposition of
refractory phases. Sr and Nd were separated by conven-
tional ion exchange techniques and their isotopic compo-
sitions were measured on a single W filament and double
Re filament configuration, respectively. A detailed
description of the analytical procedures is outlined in
Hegner et al. (1995). Isotopic compositions were
measured on a Finnigan-MAT 262 multicollector mass
spectrometer at the University of Tiibingen using a static
mode for both Sr and Nd. The isotopic ratios were
corrected for mass fractionation by normalizing to *°Sr/
88Sr = 0.1194 and '**Nd/"**Nd = 0.7219. Total procedure
blanks are <200 pg for Sr and <50 pg for Nd. During the
course of this study, four analyses of standard NBS 987
yielded a mean value of ¥’Sr/ *°Sr = 0.710257 + 10 (20).
Measurements of the Ames Nd standard yielded a mean
value of '*Nd/'"Nd =0.512129 = 10 (20, n=>5).
87Rb/®°Sr ratios for whole-rock samples were calculated
based on the measured *’Sr/*°Sr ratios and the Rb and Sr
concentrations determined by XRF.

Oxygen isotope analyses were performed at the
University of Tiibingen. Oxygen was extracted from
approximately 10 mg of dried whole-rock powder at
550 °C using BrFs as a reagent following the method of
Clayton and Mayeda (1963). Quantitative oxygen yields
were between 95 and 100%. The oxygen was converted to
CO,; using a graphite rod heated by a Pt-coil. CO, was
analyzed for its '%0/'°O ratios with a Finnigan MAT 252
gas source mass spectrometer. The isotopic ratios are
reported in the &-notation relative to Vienna standard
mean ocean water (V-SMOW). All analyses have been
duplicated with an analytical precision of between *0.1—
0.2%0. The analyses of NBS-28 standard quartz were
4+9.7 £ 0.1%0 (2o,,). All data have been normalized to
NBS-28 = +9.7%o.
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Major (Wt%) and trace element (ppm) abundances of representative samples from the Dinhquan (DQ), Deoca (DC), and Cana (CN) suites

Sample rock type DQ-3 GrD DQ-6 GrD DQ-7 Gr DQ-8 GrD DQ-12 GrD DC-3 GrD DC-10 Gr
SiO, 58.01 63.82 70.01 67.32 68.20 68.21 76.32
TiO, 1.02 0.61 0.22 0.50 0.31 0.40 0.12
AL O3 17.34 15.13 15.06 14.81 15.14 15.42 12.71
Fe,0; 7.02 5.81 3.04 3.92 3.71 3.60 1.14
MnO 0.12 0.12 0.11 0.07 0.08 0.05 0.01
MgO 2.81 2.40 0.52 1.61 1.20 1.41 0.11
CaO 6.23 433 2.11 3.35 3.32 3.62 0.95
Na,O 3.11 2.81 4.05 2.95 3.25 3.06 3.32
K>O 2.61 3.52 3.84 4.34 3.42 3.64 4.83
P,05 0.32 0.21 0.11 0.11 0.21 0.11 0.13
H,O 0.52 0.70 0.41 0.52 0.50 1.13 0.21
Total 99.11 99.46 99.68 99.18 99.34 100.63 99.85
ASI 0.90 0.92 1.02 0.96 1.01 0.99 1.03
Co 0 0.02 0.50 0.01 0.42 0.11 0.41
Cr 87 71 91 157 112 5 21
Ni 51 31 32 28 35 2 25
Sr 474 285 246 233 404 306 79
Ba 465 393 553 295 543 401 118
Zr 183 160 209 160 124 129 99
Rb 97 153 146 210 109 113 304
Cs 7.33 10.15 8.12 8.10 4.14 2.05 4.80
Hf 4.76 3.42 4.90 4.51 3.51 3.54 3.61
Nb 8.0 5.3 5.6 7.1 6.2 11.1 12.2
Ta 0.83 0.71 0.80 0.92 0.76 1.51 0.53
Th 10.3 12.6 15.6 29.2 10.6 144 41.3
U 2.25 1.87 2.36 5.41 3.12 3.91 20.32
Y 25 27 28 26 16 20 21
Pb 12 16 25 14 20 22 31
Zn 71 65 50 44 64 56 15
La 243 259 323 28.2 224 21.8 21.1
Ce 50.7 53.1 60.5 554 414 42.6 389
Pr 6.01 6.16 6.84 6.13 4.50 4.71 3.76
Nd 23.6 233 24.8 22.1 16.3 17.0 11.6
Sm 5.04 4.92 491 4.62 3.21 3.42 1.90
Eu 1.50 091 0.90 0.81 0.80 0.80 0.22
Gd 442 433 4.08 3.86 2.53 2.96 1.51
Tb 0.65 0.62 0.63 0.63 0.42 0.51 0.23
Dy 391 4.10 3.82 3.45 2.24 2.84 1.60
Ho 0.83 0.95 0.85 0.70 0.51 0.62 0.43
Er 2.52 2.76 2.61 2.35 1.40 1.90 1.41
Tm 0.36 0.43 0.44 0.32 0.21 0.32 0.22
Yb 2.12 2.45 2.41 2.01 1.35 1.81 1.75
Lu 0.34 0.41 0.40 0.32 0.23 0.33 0.31
Fe,0:/MgO 2.5 2.4 6.8 2.5 32 2.6 11.0
(La/Yb), 7.79 7.15 8.85 9.34 11.20 8.19 8.44
(La/Nd), 2.00 2.13 2.49 2.45 2.64 2.45 3.48
Sample rock type DC-15 Gr DC-28 Gr CN-1 Gr CN-3 Gr CN-10 Gr CN12 Gr

Si0, 70.71 76.62 77.12 73.25 77.81 73.51

TiO, 0.50 0.11 0.13 0.21 0.12 0.22

AL O3 14.35 12.42 12.65 13.62 12.51 13.74

Fe,0; 2.72 1.61 1.41 1.90 1.02 2.05

MnO 0.06 0.05 0.02 0.02 0.01 0.03

MgO 0.77 0.05 0.02 0.25 0.05 0.28

CaO 2.11 0.62 0.61 1.62 0.61 1.62

Na,O 3.61 3.80 3.52 3.24 3.15 3.71

K,O 4.52 451 4.90 4.71 5.31 391

P,0s 0.15 0.03 0.01 0.06 0.01 0.06

H,O 0.30 0.30 0.31 0.51 0.42 0.61

(continued on next page)
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Table 1 (continued)

Sample rock type DC-15 Gr DC-28 Gr CN-1 Gr CN-3 Gr CN-10 Gr CNI12 Gr
Total 99.92 100.11 100.70 99.89 100.02 99.73
ASI 0.97 1.02 1.04 1.03 1.05 1.04
Co 0.11 0.32 0.61 0.50 0.60 0.55
Cr 40 134 28 19 30 23
Ni 19 27 24 20 16 22
Sr 302 38 8 127 22 235
Ba 566 218 10 262 16 443
Zr 224 112 101 133 99 106
Rb 211 180 291 264 351 150
Cs 4.71 4.07 12.32 17.60 9.20 4.49
Hf 0.89 2.52 241 471 3.11 3.51
Nb 10.5 11.5 11.1 6.2 4.1 7.5
Ta 1.12 1.32 1.19 1.20 2.52 1.10
Th 30.5 16.4 25.7 29.6 46.4 14.3
U 445 3.69 7.66 8.82 14.70 8.83
Y 26 29 51 48 76 24
Pb 16 17 29 34 28 26
Zn 44 37 40 46 30 31
La 42.7 19.3 19.7 29.1 38.6 22.6
Ce 82.4 41.5 45.6 59.8 71.5 44.0
Pr 8.80 4.80 5.81 6.98 10.90 491
Nd 30.8 17.7 24.0 26.5 40.0 17.7
Sm 532 3.89 6.50 6.14 8.87 3.81
Eu 1.01 0.32 0.11 0.50 0.31 0.50
Gd 4.20 3.61 6.32 5.82 6.59 331
Tb 0.51 0.52 1.04 1.01 0.87 0.52
Dy 322 3.30 6.68 6.31 4.76 321
Ho 0.61 0.71 1.40 1.32 0.90 0.75
Er 1.80 2.02 441 425 2.50 2.10
Tm 0.35 0.31 0.64 0.61 0.41 0.31
Yb 1.71 2.19 3.90 3.72 2.51 1.95
Lu 0.31 0.41 0.59 0.50 0.42 0.32
Fe,03/MgO 35 32.0 70.0 7.6 20.0 7.1
(La/Yb), 16.80 6.87 3.31 5.20 10.32 7.83
(La/Nd), 2.65 2.09 1.54 2.10 1.85 2.45

Rock types: Granodiorite (GrD); Granite (Gr); ASI = aluminum saturation index (molar Al,05/(CaO + K,O + Na,0), Co is normative corundum, and

total iron is expressed as Fe,O;.

4. Results
4.1. Major and trace element geochemistry

Representative chemical analyses of samples are listed in
Table 1. The bulk-rock concentrations of the Dalat
granitoids are characterized by high SiO, and low MgO,
and very low abundances of high-field strength elements
(Nb, Ta, Zr and Hf). For example, Nb is generally lower
than the average value of I-type (14 ppm) and felsic I-type
(21 ppm) granites in the Lachlan Belt of southeastern
Australia (Chappell and White, 1992; Chappell, 1999). In
some highly fractionated I-type granites, however, the Nb
contents can reach up to ~40 ppm (Fig. 5e). In terms of
normative mineralogy, the Dinhquan granitoids have,
except for one sample, granodioritic compositions (Fig. 2).
In contrast, most of the Cana and Deoca granitoids approach
minimum melt compositions. The A/CNK vs. A/NK
diagram (Maniar and Piccoli, 1989) defines the rocks as

metaluminous to slightly peraluminous, and of I-type
character (Fig. 3a). All samples are of subalkaline affinity
and belong to the calc-alkaline series. The K,O vs. SiO, plot
further shows almost all samples to be of high-K affiliation
(Fig. 4f).

Major and trace element variations are illustrated in
Harker diagrams in Figs. 4 and 5. The samples exhibit a
wide range in SiO, content from approximately 56 to
70 wt% for the Dinhquan, 64 to 77 wt% for the Deoca, and
70 to 78 wt% for the Cana suites. TiO,, Al,03, Fe,O5, MgO,
CaO, and P,Os abundances decrease with increasing SiO,,
whereas K,O increases and Na,O remains nearly constant.
The trace elements (Fig. 5) exhibit considerably more
scatter than the major elements, particular Ba and Zr.
However, Sr shows a negative linear trend, whereas Rb
defines a positive correlation with increasing SiO, contents.
Although rocks of all three suites exhibit typical high-K,
calc-alkaline compositions, the variation diagrams reveal
some differences among them (Figs. 4 and 5). The Cana
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1: Tonalite

2: Granodiorite

3: Monzogranite

4: Syenogranite

5: Quartz diorite

6: Quartz monzodiorite
7: Quartz monzonite

< Dinhquan O Cana + Deoca

Fig. 2. Ternary diagram illustrating the compositions of the Dalat zone
granitoids. Nomenclature taken from Le Maitre (1989): quartz (Q)—alkali
feldspar (A)—plagioclase (P).

rocks exhibit a higher and smaller range in SiO, content.
Among the trace elements, samples of the Deoca suite have
more scattered Ba and Zr patterns than those from the
Dinhquan and Cana suites.

4.2. Rare earth element geochemistry

Chondrite-normalized REE patterns are plotted in Fig. 6.
The REE patterns of all analyzed samples from the three
suites are characterized by fractionation between the light
and heavy REEs. The Dinhquan samples exhibit moderately
fractionated REE patterns ([La/Yb],,—8—11), flat heavy REE
patterns, and have slight or no Eu anomalies (Eu/
Eu* = 0.55 — 0.97). The Cana samples are characterized
by variably fractionated and flatter heavy REE patterns
([La/Yb],, = 3-10) and have strong negative Eu-anomalies
(Ew/Eu* = 0.04-0.39). The Deoca samples have strongly
fractionated REE patterns ([La/Yb],, = 7—17) with small to
large negative Eu anomalies (Eu/Eu* = 0.25-0.67). Most
of the Deoca rocks are characterized by depletion of the
middle REEs (Gd to Er) relative to other HREEs. Primitive
mantle-normalized spidergrams from all three suites show
enrichment in large ion lithophile (LIL) elements (e.g. Cs,
Rb, Th, K, and U) and exhibit distinct negative anomalies
for high field strength (HFS) elements (Nb and Ti) (Fig. 7).
Noteworthy is the decoupling of Ba and Sr from Rb and K as
shown by negative Ba and Sr spikes.

4.3. Nd—Sr—O0 isotopic ratios

Samples for Nd, Sr, and O isotope analyses were chosen
to cover the entire compositional spectrum of the three
suites, from the most primitive through to most evolved
members. The data are given in Table 2 and Fig. 8. Nd
isotopic compositions were calculated for ages of 110 My

(Dinhquan), 96 My (Cana), and 92 My (Deoca). These ages
were obtained from conventional U—-Pb zircon geochronol-
ogy and are interpreted to represent the emplacement ages
of the granitoids (Thuy Nguyen et al., 2000). However, one
extremely high ®’Rb/*°Sr ratio (107.15) of a Cana sample (C
N-1), either caused by secondary Rb enrichment and/or Sr
loss, has been excluded from the initial Sr calculation, as it
would lead to a geologically meaningless value of the initial
87Sr/%Sr isotopic ratio. Nd and Sm are much less mobile
than Sr and Rb, and Nd isotopic ratios are, particularly for
the sample C N-1, more reliable source indicators. Fig. 8a
shows the variation of initial '“*Nd/"**Nd expressed as
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engery Vvalues with initial 87Sr/%°Sr (Sr;) isotopic ratios.
Taken as a whole, the Dinhquan and Deoca samples have a
pronounced negative correlation between both parameters,
whereby eyqr) values decrease with increasing Sr; values.
The three Cana samples have nearly constant exgr), With
slightly increasing Sr;. The important point to note from this
figure is that the Deoca samples have a wide range of both Sr

and Nd isotopic ratios, ranging from less radiogenic to more
radiogenic isotopic compositions. Three of four Dinhquan
samples are displaced to lower Sr isotope ratios compared to
the Cana and Deoca samples.

The 8'®0 values, except for some samples having 8'%0
values lower than 7.5%o, which were likely affected by
hydrothermal alteration, range from 7.5 to 8.9%o. These
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Fig. 5. (a-e) Selected Harker variation diagrams of trace elements for the Dalat zone granitoids.

latter values are typical for ‘normal’ granites (Taylor, 1968;
O’Neil and Chappell, 1977). A slightly positive correlation
between 8'®0 values and SiO;, is observed for the Dinhquan
and Cana samples (Fig. 8b). Such a trend, however, does not
exist for samples of the Deoca suite. It is noteworthy that
with SiO, content <76 wt%, the Deoca samples tend to
have lower 8'®0 values compared to samples having similar
SiO, content from the Cana suite.

5. Discussion
5.1. Petrogenetic considerations

Petrogenetic models for the origin of felsic arc magmas
fall into two broad categories. In the first, felsic arc magmas
are derived from basaltic parent magmas by
fractional crystallization or AFC processes (e.g. Grove
and Donnelly-Nolan, 1986; Bacon and Druitt, 1988). The
second model is that basaltic magmas provide heat for

the partial melting of crustal rocks (e.g. Bullen and Clynne,
1990; Roberts and Clemens, 1993; Tepper et al., 1993;
Guffanti et al., 1996). The first model is considered to be
unlikely, because volcanic and granitoid rocks of the Dalat
zone are voluminous and none are of basaltic composition
(all samples have SiO, content >56%, Fig. 5). Such
voluminous felsic magmas could not be generated by
differentiation of mantle-derived mafic magmas. Further-
more, the rock compositions do not represent a fractionation
sequence from basalt to granodiorite or leucogranite. Rocks
of all three suites show little variation in initial Sr-isotope
ratios and 8'0 values with SiO, (Fig. 8b and c), which does
not support derivation from mafic magmas through AFC
processes. It is also unlikely that the granitoids represent
mixtures of basaltic and granitic magmas, as coeval basaltic
members are lacking in the Dalat zone. There is abundant
experimental evidence that hydrous melting of basalt could
produce tonalitic-trondhjemitic magmas (e.g. Wyllie, 1984)
that might evolve (by fractionation and/or crustal contami-
nation) toward more granitic compositions. Tepper et al.
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(1993) reported that partial melting of lower crustal
metabasalt yields a variety of granitoids, whose compo-
sitions were controlled by variation in H,O content. A
similar conclusion was reached by Jonasson (1994) for the
origin of rhyolite from Iceland. Roberts and Clemens
(1993), on the basis of the data on the experimental partial
melting of common crustal rocks, stated that high-K, I-type,
calc-alkaline granitoid magmas can be derived from the
partial melting of hydrous, calc-alkaline mafic to intemedi-
ate metamorphic rocks in the crust. Given the available
experimental constraints, we think that the most reasonable
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Fig. 7. (a—c) Primitive mantle-normalized trace element abundances for the
Dalat zone granitoids. The normalizing values are from Taylor and
Mclennan (1985).

model for the origin of the Dalat granitoids involves partial
melting of crustal protoliths having different compositions,
leaving restites with variable proportions of amphibole and
plagioclase as a result of melting under variable H,O
contents. Mantle-derived basaltic magmas emplaced into
the lower crust are the most likely heat sources for partial
melting. Fractional crystallization of the melts en route to
higher crustal levels can generate the whole spectrum of
granitoid types represent in the Dalat zone. Upper crustal
contamination did not play an important role in
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Table 2

Sm—Nd, Rb-Sr and O isotopic data of granitoids from the Dalat zone

Sample  Sm (ppm) Nd (ppm) ("*'Sm/'*Nd)  ("PNd/'*Nd) =20m  engry Tom VRSt (7St/*%Sr) =2om  (SvSry  8'°0 (%)
CN-1* 6.50 24.0 0.1628 0.512486 = 11 —25 1.65 107.15 0.89376 £ 12 0.74131 8.9
CN-3 6.14 26.5 0.1384 0.512464 = 10 —-27 116 6.02 0.71468 £ 10 0.70636 8.9
CN-10  8.87 40.0 0.1329 0.512470 = 11 —25 1.08 46.44 0.77030 £ 11 0.70615 8.7
CN-12 381 17.7 0.1278 0.512462 = 10 —-25 103 1.85 0.70857 £ 10 0.70601 6.7
DC-3 3.42 17.0 0.1203 0.512517 = 10 —15 086 1.07 0.70758 = 11 0.70618 59
DC-10  1.90 11.6 0.0961 0.512406 = 10 —-33 0283 11.20 0.72161 £ 10 0.70699 8.9
DC-15  5.32 30.8 0.1052 0.512431 = 10 —29 086 2.02 0.70932 £ 10 0.70668 8.0
DC-28  3.89 17.7 0.1340 0.512645 = 10 +0.9 077 13.87 0.72364 = 10 0.70554 7.8
DQ-6 4.92 23.3 0.1302 0.512512 = 10 —-15 097 1.55 0.70749 £ 10 0.70510 7.4
DQ-7 491 24.8 0.1143 0.512479 = 10 —-20 087 1.72 0.70805 = 11 0.70539 8.2
DQ-8 4.62 22.1 0.1179 0.512541 = 10 —0.8 0.80 2.61 0.70901 = 10 0.70498 8.9
DQ-12 321 16.3 0.1217 0.512513 = 11 —14 0388 0.78 0.70734 £ 10 0.70614 7.3

m = measured isotopic ratios; i = calculated initial isotopic ratios. exqcr) values were calculated using present day ("**Nd/"*Nd)cyur = 0.512638 and
("7Sm/"**Sm)cpur = 0.1967 (CHUR = chondritic uniform reservoir; X = 6.54.10~'* a~'). The ages of 110 My (Dinhquan), 96 My (Cana) and 92 My
(Deoca) are used for exqer) and (¥7S1/%0Sr); calculations; [(3"Sr/2°Sr)i = (87Sr?68r)m—87Rb/8(’Sr @™ —1);Aa=14210""a""].

* Sample C N-1 is highly fractionated granite and therefore has old Tpyy. If a correction is made using typical crustal '*’Sm/'**Nd ratio = 0.12, the resulting

Towm of 1.07 Ga is more realistic.

the formation of granitoids in the Dalat zone. Because the
basement underlying the Dalat zone is not exposed, it is
difficult to evaluate the role of the basement in the origin of
the Dalat zone granitoids. Nevertheless, their parental
magma characteristics, potential sources and crystallization
behavior within an individual suite can be constrained by
the geochemical and isotopic data.

5.2. Fractional crystallization

Increases in SiO,, K,O, Rb, and decreases in TiO,,
Fe,05;, CaO, MgO and Al,O5; contents shown in each
granitoid suite are compatible with their evolution through
fractional crystallization processes (Figs. 4 and 5). Strongly
negative Ba and Sr anomalies in rocks from the Cana and
Deoca suites are associated with negative Eu anomalies,
indicating evolution by fractionation of K-feldspar and
plagioclase either in magma chambers or during magma
ascent. This is also supported by negative correlations
between CaO, Al,O3, and SiO, (Fig. 4). In contrast,
fractionation of plagioclase has not played an important
role in the petrogenesis of the Dinhquan granitoids, as
indicated by small or no negative anomalies of Eu, Ba, and
Sr (Figs. 6 and 7). Decreases in TiO, and P,Os; with
increasing SiO, content are attributed to fractionation of
titanite and apatite, respectively. The fractionation of
accessory phases such as zircon, allanite and titanite can
account for depletion in zirconium and yttrium. The Deoca
samples display moderate concave upward REE patterns
and relative depletion of middle REEs with respect to
HREE:s (Fig. 6¢), which can be attributed to fractionation of
hornblende and/or titanite (e.g. Romick et al., 1992; Hoskin
et al., 2000). The Cana granites have high SiO, contents and
some of them have very high values of Fe,03/MgO ratios
(Table 1), indicating that parental magmas for the
Cana granites have experienced extensive magmatic

differentiation (Whalen et al., 1987). Some samples were
affected by hydrothermal alteration, as indicated by their
very high values of K/Ba (840-2750) and low K/Rb (120-
1300) ratios.

The 8'®0 values range from 5.9 to 8.9%o (Fig. 8b). The
samples from all three suites with 8'%0 values less than
7.5%0 probably reflect meteoric-hydrothermal alteration at
some stage after their emplacement. Evidence for this is
turbidity of feldspars and biotites are partly replaced by
chlorite. Except for those altered samples, an increase in
5'80 values of about 1%o throughout the Dinhquan suite and
about 0.8%o throughout the Cana suite may be attributed to
fractional crystallization without significant contamination
by continental crust, since closed-system fractional crystal-
lization is known to modify 8'%0 values by about 0.5—1%o
(e.g. Taylor, 1978; Woodhead et al., 1987; Harmon and
Gerbe, 1992). The wider range in 3180 values (7.7-8.9%0)
of the Deoca samples may reflect an inhomogeneous source.

The continuous chemical variations illustrated in Harker
diagrams (Figs. 4 and 5) and the close spatial and temporal
association of granitoids from all three suites, suggest that
these granitoids may be linked through differentiation from
the same magmatic source. To elucidate this problem,
variation diagrams of the concentrations of some selected
oxides and elements, which are strongly affected by
fractional crystallization process, have been plotted against
Mg# (Fig. 9). It is evident that the crystallization behavior
between the Dinhquan and Cana suites is different. Except
for Mg# < 30, the Cana samples have well-defined trends
whereby TiO,, P,Os, MgO, CaO, and Sr decrease with
decreasing Mg#. In contrast, the Dinhquan samples do not
follow these trends. Nd model ages (Tpy) of granitoids
range from 1.03 to 1.16 Ga for the Cana, 0.77 to 0.86 Ga for
the Deoca, and 0.80 to 0.97 Ga for the Dinhquan suites. The
Cana granites have distinctly older Tpy than the others two,
suggesting that they were derived from separate magmas or
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underwent different petrogenetic processes. Therefore, a
comagmatic and continuous crystal fractionation relation-
ship between the Cana and other two suites is unlikely. The
slightly higher HREE concentrations, lower (La/Yb), and

(La/Nd), ratios but higher SiO, of the Cana samples
(Table 1) argue against a co-genetic relationship through
crystal fractionation and indicate that the Dinhquan and
Cana sources were chemically distinct.

The Deoca samples, in spite of some scatter, generally
exhibit coherent trends for most elements, but display
considerable variation in Mg#. Differentiation of the
Dinhquan or Cana parent magmas alone to produce the
Deoca granitoid rocks is excluded because the samples have
overlapping Mg#. The initial Nd and Sr isotopic compo-
sitions of the Deoca samples lie outside the range of
Dinhquan and Cana rocks (Fig. 8a) and the concentration of
trace elements (e.g. Ba, Sr, and Zr) do not fall on a straight
line between the Dinhquan and Cana samples in Harker
variation diagrams (Fig. 5). Furthermore, rocks of the Deoca
suite are pink to red and exhibit porphyritic textures, which
are not observed for the Dinhquan and Cana rocks. All these
features suggest that magma mixing of Dinhquan and Cana
also cannot produce the Deoca rocks, hence a different
magmatic source is proposed for the Deoca granitoids.

5.3. Nature of parental magmas and potential sources

Granitoids of all three suites are high-K, calc alkaline
rocks and are characterized by pronounced negative Ba, Sr,
Nb, and Ti anomalies and are enriched in Rb, Th, K, and La.
These features are compatible to those of typical crustal
melts, e.g. granitoids of the Lachlan Fold belt (Chappell and
White, 1992) and Himalayan leucogranites (Harris et al.,
1986; Searle and Fryer, 1986). Hence a derivation from
crustal sources is apparent. The crustal source rocks are not
exposed in the Dalat zone but they are probably mid-
Proterozoic in age, as indicated by U—Pb inherited zircon
ages (e.g. Thuy Nguyen et al., 2002; Carter et al., 2001;
Nagy et al., 2001; Nam et al., 2001). Compositional
diversity among crustal magmas may arise in part from
different source compositions, in addition to variation in
melting conditions such as H,O contents, pressure, tem-
perature, and oxygen fugacity. (e.g. Vielzeuf and Holloway,
1988; Wolf and Wyllie, 1994; Patino Douce, 1996, 1999;
Thompson, 1996; Borg and Clynne, 1998). Compositional
differences of magmas produced by partial melting under
variable melting conditions of different crustal source rocks
such as amphibolites, gneisses, metagraywackes and
metapelites, may be visualized in terms of major oxide
ratios. Partial melts originating from mafic source rocks, for
example, have lower Al,O3/(FeOtotal + MgO 4 TiO,) and
(Na,O + K,0)/(FeOtotal + MgO + TiO,) than those
derived from metapelites (Fig. 10). The Dinhquan rocks
have lower values of Al,Os/(FeOtotal + MgO + TiO,),
(Na,O + K,0)/(FeOtotal + MgO + TiO,) and a rather
high and narrow range of CaO/(FeOtotal + MgO + TiO,)
ratios compared to Cana and Deoca rocks. These features, in
combination with relatively high values of Mg# (68-38),
preclude a derivation from felsic pelite and metagreywacke
rocks for the Dinhquan granitoids. Instead, the Dinhquan
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Fig. 9. (a—f) Variation diagrams of selected oxides and elements vs. Mg# for the Dalat zone granitoids. Mg# [ = 100xmolar MgO/(MgO + 0.9FeOy,)].

magmas were generated by partial melting of alkaline mafic
lower crustal source rocks. On the Na,O vs. K,O diagram
(Fig. 3b), most of the Dinhquan samples plot in the field
outlined for typical I-type granite of the Lachlan Fold Belt
(White and Chappell, 1983). High contents of CaO, Sr, and
negligible Eu/Eu* depletion in the REE patterns all suggest
melting of a plagioclase-bearing source. Less fractionated
REE- and flat HREE patterns suggest that the role of garnet
in the crustal precursor was not important.

Compared to typical Lachlan S-type granites (White and
Chappell, 1983), the Cana and Deoca rocks have much
higher Na,O but similar K,O contents (Fig. 3b) and lower
A/CNK ratios. The fact that granitoids of both suites are
compositionally transitional between Lachlan I-and S-type
granites implying that the Cana and Deoca granitoids might
have been derived from partial melting of acid to
intermediate igneous rocks or immature sediments. All
plots in Fig. 10 indicate an origin of the Cana and Deoca
magmas by dehydration melting of metagreywacke-type
source rocks. Some of the Cana granites fall in the range

of felsic pelite (Fig. 10b), as these samples contain
secondary muscovite. Muscovitization of feldspar and
chloritization of biotite in these samples suggest
hydrothermal alteration. Excluding C N-1, the Cana granites
have a narrow range of initial Sr-isotope ratios (0.7060—
0.7064) and nearly constant enqry values (—2.5 to —2.7)
(Fig. 8a), indicating derivation from a rather homogeneous
melt that underwent closed-system fractional crystallization
as demonstrated by the 8'80 values of granites. These
granites yield Nd model ages ranging from 1.03 to 1.16 Ga
which are a little younger than basement ages but similar to
inherited zircon ages found in one of their granites (Thuy
Nguyen et al., 2002). This emphasizes that crustal material
played a very important role in their petrogenesis.
Furthermore, the granites show strong depletion in Sr
(Fig. 7) and Eu/Eu* (Fig. 6) ratios reflecting melting with
residual plagioclase and/or plagioclase as a major fraction-
ating phase. None of the Cana granites show the HREE
depletion predicted for melts that equilibrated with residual
garnet (Tepper et al., 1993).
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In contrast to Cana granites, the Deoca samples show
relatively large variations in isotopic compositions
(enary = ~1 to ~ — 3; Sr; = 0.7055-0.7069) suggesting
their derivation from heterogeneous sources. The slightly
negative to weakly positive engr) values, low Sr; ratios, and
young Nd model ages (Tpy = 0.77-0.86 Ga) indicate

significant input of a mantle-derived component during
magma generation. Therefore, a mixture of juvenile material
and old continental crust may characterize the petrogenesis of
these granitoids. In this case, Nd model ages represent the
average crustal residence time for the Deoca granitoids (Jahn
etal., 1990). Compared with the Cana rocks, the Deoca rocks
have higher values of Eu/Eu* and higher abundances of Sr
suggesting a smaller amount of plagioclase in their residues
during magma segregation. Furthermore, the rocks show the
concave-upward REE patterns and are depleted in MREE
relative to HREE (Fig. 6¢) indicating that amphibole played a
dominant and garnet an insignificant role during magma
segregation. The MREE depletion and the negative Ti
anomaly can also be attributed to fractional crystallization
oftitanite (e.g. Weaver, 1990; Hoskin et al., 2000) as we found
this mineral in some Deoca samples.

It is worth to note that not all granitoids in the world fit
into alphabetical classification of Chappell and White
(1974), as reported by Patino Douce (1999). The same
conclusion is reached by Barker et al. (1992) that the
generation of Alaskan granitoids by melting of flyschoid
sediments mainly consisting of greywackes and the finer-
grained argillite, nevertheless, they typically show I-type
characters. A further support for the derivation of high-
potassium, calc-alkaline I-type granitoids in northern
Schwarzwald (Germany) from metagreywackes is achieved
by Altherr et al. (2000). Thus, perhaps particularly relevant
is that the Cana and Deoca granitoids derived from
metagreywacke-type source rocks have been shown to
exhibit I-type geochemical characteristics similar to those in
Alaska and northern Schwarzwald. Probably the geochem-
ical features of the Cana and Deoca granitoids reflect largely
the igneous parentage of these metagreywackes.

5.4. Tectonic setting: evidence for continental arc magmas

Granitoids of all three suites are high-K, calc alkaline
rocks enriched in LILEs such as Cs, K, Rb, U and Th
with respect to the HFSEs, especially Nb and Ti (Fig. 7).
Magmas with these chemical features are generally
believed to be generated in subduction-related environ-
ments (e.g. Floyd and Winchester, 1975; Rogers and
Hawkesworth, 1989; Sajona et al., 1996). Numerous
studies suggest that trace elements could be used as
discriminatory tools to distinguish among different
tectonic settings of granitoid magmas. Pearce et al.
(1984) used the Rb, Y, and Nb elements as the most
efficient discriminants amongst ocean-ridge granites
(ORG), within-plate granites (WPQG), volcanic-arc granites
(VAG) and syn-collisional granites (syn-COLG). Apply-
ing their discrimination criteria, the Dalat zone granitoids
are classified as VAG (Fig. 11a). These VAG belong to
the group of ‘active continental margin’ rocks (Group C
after Pearce et al.,, 1984). They contain biotite and
hornblende, are metaluminous to weakly peraluminous,
and have the characteristics of I-type granites (White and
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Chappell, 1983; Chappell and White, 1992). The high-
silica samples (75-77 wt% SiO,) from the Cana suite plot
around the boundary between the COLG and WPG field,
but lower-silica samples (70-74 wt% SiO,) fall within the
VAG field (Fig. 11a). This is likely due to progressive
differentiation (Forster et al., 1997). Crossing of the VAG
and COLG boundary, as is observed for some Deoca
samples, is the result of a magmatic differentiation trend.
On the Ta vs. Yb diagram (Pearce et al., 1984; Fig. 11b)
all analyzed samples fall into the VAG field. Further
arguments in favor of volcanic arc characteristics for the
Dalat zone granitoids come from their Rb/Zr and Rb/Cs
values. Similar to arc magmas reported by Hart and Reid
(1991), all the Dalat zone granitoid samples display low
ratios of Rb/Cs (<30 for the Dinhquan, <40 for the Cana
and <60 for the Deoca samples). Low values of Rb/Zr
ratios (<1.3) in almost all samples, with some granites

from the Cana suite having slightly higher values (up to
3.5), are also compatible with volcanic arc settings (Harris
et al., 1986). Note that trace element compositions of
magmas are also dependent on protolith composition and,
therefore, may not necessarily be indicative of the
tectonic setting of magma formation (e.g. Roberts and
Clemens, 1993). However, the spatial and temporal
relationship of the Dalat zone granitoids, in conjunction
with their geochemical and mineralogical data, indicates a
subduction-related origin.

6. Conclusions

The Dalat zone granitoids have I-type characteristics and
belong to the high-K calc-alkaline series. The geochemical
and isotopic compositions of Dinhquan granitoids indicate
derivation by dehydration melting of alkaline mafic lower
crustal source rocks, while the Cana magmas were
generated from a relatively homogeneous metagreywacke-
type source with small amounts of mantle input. Some of the
Cana samples are highly fractionated I-type granites and
affected by hydrothermal alteration.

Deoca granitoids most probably originated by partial
melting of heterogeneous metagreywacke-type sources with
additional contribution of mantle components. Small to
large negative Eu/Eu* anomalies and depletion in MREE
relative to HREE indicate that plagioclase and amphibole
were major fractionating phases during magma segregation.

The major and trace element compositions of the Dalat
zone granitoids indicate that they are subduction-related
products. This conclusion is in good agreement with the
general model of Taylor and Hayes (1983), which assumed
that, from the mid-Jurassic through to mid-Cretaceous the
southeast Asian margin was an Andean-type volcanic arc.
Northwest subduction of the Pacific Ocean crust beneath the
Eurasian continent is evidenced by widespread rhyolitic
volcanism and granitic intrusions along southeast China and
southeast Vietnam.
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