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Abstract The Dalat zone in southern Vietnam comprises
a Cretaceous Andean-type magmatic arc with voluminous
granitoids and contemporary volcanic rocks. On the basis
of petrographical and mineralogical studies, the granitoids
were subdivided into three suites: Dinhquan, Deoca and
Cana. Rocks of the Dinhquan suite are hornblende—biotite
diorites, granodiorites and minor granites. The Cana suite
encompasses mainly leucocratic biotite-bearing granites
with scarce hornblende. The Deoca suite is made up of
granodiorites, monzogranites and granites. Geochemical-
ly, the granitoids are of subalkaline affinity, belong to the
high-K, calc-alkaline series, and most of them display
typical features of I-type granites. This paper presents the
new Rb—Sr mineral and U-Pb zircon and titanite age data
for the granitoids, which establish the ages of the plutonic
suites as: the Dinhquan at ~112-100 Ma, Cana at ~96—
93 Ma and Deoca at ~92-88 Ma. These ages are signif-
icantly different from earlier publications, and indicate
that the earliest magmatism in the Dalat zone began at
~112 Ma ago, that is ~30-50 Ma later than previously
thought. Our geochronological data are also support the
continuation of an Andean-type arc running from SE
China via southern Vietnam to SW Borneo.
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Introduction

The western Pacific region is characterised by Mesozoic
and Tertiary magmatic arcs and marginal basins, such as
the South China Sea (Ben-Avraham and Uyeda 1973;
Taylor and Hayes 1983), Philippine Sea (Karig 1971)
and Tonga-Kermadec (Karig 1970). The Dalat zone in
southern Vietnam provides an example of a late Mesozoic
Andean-type magmatic arc composed of voluminous
granitoidic, andesitic and rhyolitic rocks. The high-K,
calc-alkaline rocks in the Dalat zone are interpreted as
resulting from NW-directed subduction of the western
Pacific plate under the south-east Asian continental
margin (Taylor and Hayes 1983). The magmatic arc as-
sociated with the Dalat zone was initially formed in
south-east China in the mid Jurassic—early Cretaceous
(e.g. Allen and Stephens 1971; Jahn et al. 1976, 1990),
then migrated south-westward to Vietnam during the mid-
Cretaceous, and continued to SW Borneo in the late
Cretaceous and early Tertiary (e.g. Hamilton 1979;
Fig. 1).

For more than 20 years, many Vietnamese geologists
have undertaken studies on mineralogy, petrography and
genesis of these granitoids (e.g. Trung and Bao 1980;
Thang and Duyen 1988; Bao et al. 2000). However, most
of these publications were written in Vietnamese and are
largely inaccessible to the international community. Fur-
thermore, geochemical and geochronological data for the
granitoids are limited and imprecise. So far, only K—Ar
and Ar—Ar mineral or whole-rock (WR) data, and a few
Rb-Sr mineral ages are reported for the granitoids. These
data show a large scatter in ages and discrepancies in the
emplacement sequence of the granitoids in the Dalat zone.

The purpose of our study is to better constrain the
emplacement ages of the granitoids and to provide a
better understanding of the geological history of the Dalat
zone. To achieve these aims we have performed U-Pb
zircon and titanite and Rb-Sr whole-rock and mineral
analyses on different rock-types of the granitoids.
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Fig. 1 Simplified geological I
map of the Dalat zone shows 13° — .
the distribution of granitoid South China
rocks of the Dinhquan, Cana

and Deoca suites (Tien et al.
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Geological setting

The Dalat zone and its extension, the Kontum massif
(Fig. 1), belong to the Indochina block that consists of
Gondwana-derived fragments (e.g. Metcalfe 1988, 1996;
Sengor et al.1988; Hutchison 1989). The Indochina block
has also been referred to as Indosinia (e.g. Helmke 1985)
and Annamia (e.g. Sengor 1984). The Dalat zone is made
up of Precambrian basement rocks, Jurassic sediments
and late Mesozoic igneous and Cenozoic basaltic rocks
(Fig. 1). The absence of Palaeozoic rocks is largely due to
the Dalat zone being an emerged continent during this era
(Hutchison 1989). The Kontum massif, in the north-east,
and the Dalat zone are considered to have a similarly
geological evolution. The basement of the Dalat zone is
not exposed, but the seismic data (Khoan and Que 1984)
suggest that it is composed of granulites and gneisses. K—
Ar and Rb-Sr geochronological data from the granulites
of the Kontum massif indicate late Paleoproterozoic (1.8—

1.7 Ga; Hai 1986) and early Mesoproterozoic (1.6—
1.4 Ga; Thi 1985) ages.

A thick pile of slightly folded sedimentary rocks,
which are widely distributed throughout the area, overlies
the basement of the Dalat zone. These rocks were for-
merly ascribed to the Palaeozoic Dalat series (Saurin
1935) but, in the more recent investigations, they are
assigned to be the lower to middle Jurassic Bandon For-
mation (e.g. Luong et al. 1979). The Bandon Formation is
intruded by a number of the Mesozoic granitoids. Weak
contact metamorphism is commonly observed in the au-
reoles around the plutons, suggesting that the granitoids
were emplaced at shallow depths. The uppermost part of
the Dalat zone is composed of Cenozoic tholeiitic and
sub-alkaline basalts that are associated with extension
tectonics following the collision of the Eurasian and the
Indian plate (e.g. Barr and McDonald 1981; Hoang and
Flower 1998).



Table 1 Description and geochemical data of dated granitoid
samples in the Dalat zone, southern Vietnam. Bi Biotite; Grt garnet;
Hbl hornblende; Kf potassium feldspar; P/ plagioclase; Q quartz; Ti
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titanite; Zir zircon. The chemical and isotopic results are from Thuy
et al (2002)

Suite Pluton Sample  Rock type Texture Mineral assemblage (%) ASI  Sri end
SiO,
Dinhquan  Dinhquan DQ-1 Granodiorite Medium Q-PI-Kf-Hbl-Bi-Zir  65.9  0.96
Krong DQ-6 Granodiorite Medium Q-PI-Kf-Hbl-Bi-Zir ~ 63.8 092 0.07051 -1.5
Phan DQ-8 Granodiorite Medium Q-PI-Kf-Hbl-Bi-Zir  67.3 0.96 0.7049 -0.8
Cana Ankroet CN-3 Granite Medium Q-Kf-PI-Bi-Hbl-Zir  73.3 1.03  0.7064 2.7
CN-9 Granite Medium Q-Kf-PI-Bi-Hbl-Zir  73.2 1.02
CN-10 Granite Fine Q-Kf-PI-Bi-Hbl-Zir  77.8 1.05 0.7062 -2.5
Trai Mat CN-6 Granite Medium Q-Kf-PI-Bi-Zir 77.1 1.06
Hon San CN-16 Leucocratic granite Medium Q-Kf-PI-Bi-Zir-Grt ~ 76.2 1.01
Deoca Deoca DC-10 Granite Medium Q-Kf-PI-Bi-Zir 76.3 1.03  0.7069 -3.3
DC-15 Granite Medium Q-Kf-PI-Bi-Ti 70.7 0.97 0.7067 -2.9
Cadu DC-4 Granite Coarse, Porphiric Q-Kf-Pl-Zir 72.9 1.03
Nuidinh DC-27 Granite Coarse Q-Kf-PI-Bi-Zir 74.9 1.05

On the basis of the early petrographical and miner-
alogical and textural studies, the granitoids have been
subdivided into three plutonic suites, called the Deoca,
the Dinhquan and the Cana suites (Trung and Bao 1980;
Thang and Duyen 1988; Fig. 1). The granitoid rocks of all
three suites mainly occur in the eastern part of the Dalat
zone, parallel to the coastline to the south of the Kontum
Massif. The Dinhquan suite comprises hornblende-biotite
diorites, granodiorites and minor granites; the Deoca suite
consists of granodiorites, monzogranites and granites; and
the Cana suite is predominantly made up of biotite-
bearing granites poor in hornblende. Rocks from the latter
suite are characterised by small amounts of mafic min-
erals, in some places there are small bodies of quartz-rich
granites (Hung 1999). 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. The contacts
established on the Fig. 1 are speculative contacts. Some
radiometric ages, obtained by the K—Ar and Ar—Ar whole-
rock or mineral methods, have been reported for the three
suites: ~151-118 Ma for the Dinhquan (Bao and Trung
1980), ~127-99 Ma for the Deoca (Trung and Bao1980),
and ~111-78 Ma (Thang and Duyen 1988) and ~100-
89 Ma (Bao et al. 2000) for the Cana suites. There are also
a few Rb-Sr ages of 87-82 Ma, obtained on biotite and
whole rocks, from the Deoca pluton (Lasserre et al. 1974).
Almost all these ages are given without analytical pro-
cedures and supporting data tables. In some cases, whole-
rock rather than mineral ages were determined.

Sample description

Representative rock types were selected from the three
different plutonic suites mentioned above and their lo-
calities are shown in Fig. 1. Three Dinhquan samples DQ-
1, DQ-6 and DQ-8 were collected at Dinhquan and Krong
Phan plutons, respectively. Four samples of the Deoca
suite were collected from three different plutonic bodies:
the Deoca (DC-10 and DC-15), Cadu (DC-4) and Nuidinh

(DC-27) plutons. For the Cana suite, five samples were
taken. Samples CN-3, CN-9 and CN-10 were selected
from the Ankroet pluton along the Tanung profile. Sam-
ples CN-6 and CN-16 are from the Traimat quarry and
Honsan pluton, respectively. Rock description and geo-
chemical data of all dating granitoid samples are given in
Table 1.

Analytical techniques

Mineral separation was done following standard proce-
dures. Rock samples of ~5-7 kg were split by employing
a jaw crusher and a still roller mill. The broken material
was sorted on a Wilfley table for initial density separa-
tion. Further mineral concentration was carried out with a
Frantz isodynamic magnetic separator and heavy liquids
(bromoform, diodomethane). Finally, zircon, titanite, bi-
otite and K-feldspar were hand picked under a binocular
microscope to avoid turbidity, inclusions and visible
features that might be associated with grains affected by
hydrothermal activity. Mineral purity of K-feldspar sep-
arates was checked by XRD-analyses indicating a satis-
factory purification of 95-97%.

For U-Pb analysis, non-magnetic zircon fractions were
selected on the basis of morphology, colour, limpidity and
size. Zircon fractions were washed in hot 6 N HCI and
7 N HNOj; for about 30 and 15 min, respectively. After
spiking with a mixed 2°°Pb-***U tracer solution, zircon
fractions were dissolved by 22 N HF in tiny Teflon bea-
kers in a steel jacket digestion bomb at 200 °C for 6 days,
following the vapour digestion procedure of Wendt and
Todt (1991). After decomposition, HF was replaced by
6 N HCI and the bomb was heated at 180°C overnight to
convert fluorite salts into more soluble chlorite salts.
Separation and purification of U and Pb were performed
in Teflon columns with a 40-ul bed of AG1-X8 (100-200
mesh) anion exchange resin following a similar method as
described in Poller et al. (1997). Zircon standard samples
(zircon 91500/Canada) were analysed during the course
of this study and the results are given in Chen et al.
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(2002). The same chemical procedure as used for zircon
was employed for the U-Pb titanite analysis. Total pro-
cedural blanks were 10-12 pg for Pb and 1-5 pg for U.
The *°’Pb/*°°Pb zircon evaporation method was per-
formed following the analytical technique described by
Okay et al. (1996).

For investigation of internal zircon structure, repre-
sentative grains were mounted in epoxy and then polished
until the centre of the zircon crystal was exposed. After
polishing, the mounts were coated with carbon for
cathodoluminescence (CL) investigation. Polished zircon
sections were analysed at the University of Tiibingen by
electron-microprobe using JEOL JXA-8900RL under
operating conditions of 15-kV accelerating voltage, 15-
nA beam current.

Rb and Sr isotopic analyses were carried out on
~50 mg of minerals (biotite, K-feldspar and plagioclase).
After spiking with a mixed 845r—8"Rb tracer solution, all
samples were decomposed in a mixture of HF-HCIOy in
Teflon beakers in steel jacket bombs at 180 °C for 6 days.
Rb and Sr were separated by conventional ion exchange
techniques outlined in Hegner et al. (1995).

All isotopic ratios were measured in static mode on a
Finnigan-MAT 262 solid-source multicollector mass
spectrometer at the University of Tiibingen. Pb and U
samples were loaded on Re-filaments using the silica-gel
technique and 1 N HNO;, respectively. Isotopic compo-
sitions of Pb and U were measured in a single- and a
double-filament configuration. Measured Pb isotopic ra-
tios were corrected for mass discrimination of
0.10+£0.03% per atomic mass unit. This value was deter-
mined by the analyses of the Pb NBS 981 standard. Sr
samples were loaded on W-filaments using a Ta-HF ac-
tivator and Rb samples were loaded on Re-filaments.
Isotopic compositions of Sr and Rb were measured in a
single- and a double-filament configuration, respectively.
Measured Sr isotopic ratios were corrected for mass dis-
crimination by normalising to a **Sr/**Sr ratio of 0.1194.
The total procedural blanks were <200 pg for Sr. During
the course of this study, four analyses of NBS 987 stan-
dard gave a mean 879r/%0Sr value of 0.710257+10 (20).
The data were regressed using the ISOPLOT program of
Ludwig (1994). All errors are quoted at the 2o level.

Results

Zircon internal structure

The CL images of typical zircon populations from all
three suites are displayed in Fig. 2. All zircon grains are
euhedral and show oscillatory zoning indicating an ig-
neous origin. Inherited zircons are not commonly ob-
served; however, small inherited cores with brighter lu-
minescence can be seen from zircon grains 1 and 2 of
sample DQ-1. Zircons of the Dinhquan samples exhibit
finely oscillatory zoning and show no or very small
amounts of overgrowth. In contrast, significant over-
growths are commonly observed in zircons of the Cana

rocks, particularly in sample CN-6, which contains eu-
hedral zircons with uniform luminosity in the outer parts
and brighter luminescence in the centres. Recrystallisa-
tion of the marginal portions of zircons can be inferred
from the absence of zoning. Those parts are generally
characterised by stronger luminescence (Pidgeon 1992),
as shown in zircons from sample DC-4. CL photograph of
grain 3 from sample CN-9 shows homogeneous magmatic
zoning in the interior, whereas in the outer regions zoning
is not observed. However, faint magmatic zoning in the
outer part of this grain is revealed in backscattered elec-
tron (BSE) image (3B). The same observation is made for
one grain of sample CN-10 (CL photograph 2 and BSE
photograph 2B in Fig. 2).

Rb-Sr and U-Pb data

Rb-Sr analytical results are given in Table 2. Conven-
tional U-Pb zircon and titanite data are presented in Ta-
ble 3 whereas zircon evaporation *°’Pb/*°°Pb ratios are
given in Table 4. Corresponding isochron and concordia
diagrams are displayed in Figs. 3a and 4 for the Dinhquan,
Figs. 3b and 5 for the Cana, and Figs. 3c and 6 for the
Deoca suites. Common Pb isotopic compositions of each
suite were estimated from leached K-feldspar analyses
(Table 5) and were used for the initial common Pb cor-
rection for all U-Pb analyses.

Table 2 Rb-Sr isotopic data for whole-rock and mineral samples
of the Dalat zone granitoids. Bi Biotite; Hb hornblende; Kf potas-
sium feldspar; PI plagioclase; WR whole rock. All whole-rock data
from Thuy et al. (2002). Errors of +1% and 0.03% have been
assigned to the ¥Rb/*®Sr and *’Sr/*°Sr ratios, respectively

Sample Rb Sr 87Rb/A0Sr  37Sr/80Sr
(ppm)  (ppm)
Dinhquan granodiorites
DQ-6 (WR) 152 285 1.54 0.707490+09
DQ-6 (Bi) 685 6.5 317.51 1.196811x12
DQ-6 (P1) 303 363 242 0.708746+11
DQ-8 (WR) 210 233 2.61 0.709005+10
DQ-8 (Bi) 948 2.3 1,427 2.936486+28
DQ-8 (Kf) 465 257 5.24 0.713175+12
Cana granites
CN-3 (WR) 264 127 6.02 0.714675x10
CN-3 (Bi) 1,274 9.6 404.20 1.259758+12
CN-3 (Kf) 566 130 12.61 0.723618+01
CN-10 (WR) 351 22.1 46.44 0.770301+11
CN-10 (Bi) 1,719 12.3 427.59 1.293317+13
CN-10 (Kf) 821 28.4 84.59 0.821891+11
Deoca granites
DC-10 (WR) 304 78.5 11.20 0.720818+10
DC-10 (Bi) 1,471 10.7 418.01 1.235257+14
DC-10 (Kf) 799 74.2 31.26 0.746238+10
DC-15 (WR) 212 302 2.02 0.709206+10
DC-15 (Bi) 1,177 11.9 296.71 1.086461+12
DC-15 (Kf) 491 287 4.95 0.712922+11




Fig. 2 Cathodoluminescence
photographs of characteristic
zircon populations from the
Dinhquan (DQ), Cana (CN) and
Deoca (DC) suites. The zircon
crystals are ca. 100-150 um
long and 60-90 um wide. Al-
most all zircon grains typically
have prismatic morphology and
oscillatory zoning indicating a
magmatic origin. Magmatic
zoning feature in the outer re-
gions from the Cana samples
CN-9 (grain 3) and CN-10
(grain 2) is not revealed in the
CL image, but appears in the
backscattered electron (BSE)
images 3B and 2B, respectively.
Note that the dark regions in the
BSE image appear as bright
regions in the CL image and
vice versa. The photographs of
grains 1 and 2 from the sample
DQ-1 are typical examples for
zircons containing older cores

DQ-1 DQ-8
CN-6 CN-9
CN-10 | DC-4

Dinhquan plutonic suite
Granodiorite samples DQ-6 and DQ-8

All Rb—Sr WR and mineral analyses of two samples de-
fine a straight line that yields an age of ~110+x1 Ma
(MSWD =1.1) with an initial *’St/*°Sr ratio of
0.70499+0.00003 (Fig. 3a). For sample DQ-8, the Pb
evaporation and U-Pb conventional methods were em-
ployed. Five separately evaporated zircon grains yield a
mean 2°’Pb/**°Pb age of 109+7 Ma (Fig. 4a). To our
knowledge these are the youngest rocks that have been
successfully dated with this method. All of four analysed
zircon fractions give concordant U-Pb ages (Fig. 4b) and
define a mean ““°Pb/***U age of 111.6x1.6 Ma. These
ages are, within the analytical errors, identical with the
Rb-Sr isochron age. The internal zircon structures as re-

vealed by the CL images (Fig. 2) do not show relic cores.
The close range of ages obtained by three different
methods indicates that the rocks were emplaced at
~112 Ma.

Granodiorite sample DQ-1

Five zircon fractions were analysed from this sample
(Fig. 4c). Three of them give concordant U-Pb ages of
~100 Ma. Two other fractions are discordant indicating
the presence of an older Pb component, which can be
observed in the CL images in the form of relic cores
(Fig. 2). Regression of all five data points defines an
upper intercept age of 1,834+78 Ma and a lower intercept
age of 99.6+1.8 Ma. We consider the later age as the
crystallisation time of this granite. The upper intercept
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Table 3 Conventional U-Pb zircon and titanite analytical results of ~ 1994). clr Clear; cls colourless; dk br dark brown; frg fragments; gr
granitoids from the Dalat zone (the Dinhquan suite). All errors are  grains; / long; It br light brown; md medium; pk pink; pr prismatic;
two-sigma standard deviations (20). Common Pb isotopic compo-  sh short; s/ small; subtr sub-transparent; ¢ thin; thk thick; wh white;
sitions from K-feldspar were used for the correction of titanite and  y/ yellow

zircon analyses. The data were calculated with ISOPLOT (Ludwig

Zircon description Concentrations (ppm) Atomic ratios Apparent ages (Ma)
206 206 pp* 207 pp* 207 pp* 206pg*  207pg*  207pp*
PB PB PB PB PB PB PB
U Pbrot Pbrad 204pg 238y 235y 206pg 238y 235y 206pp*
Sample DQ-1

md, thk, br to cls, pr gr 690 254 25.1 3,118  0.03575+50 0.4246+70 0.08614+87 2264 3593 13413
1, th, tr, bl, pr, incl, gr 611 9.6 9.5 1,716  0.01543+14 0.1023£15 0.04804+58 98.8 98.9 101.2
1, th, br, subtr, pr gr 1,323 20.0 19.9 3,284 0.01558+10 0.1035+16 0.04814+49 99.8  100.0 106.2

sh, th, clr, pr gr 814 13.0 12.8 2,367 0.01563+14 0.1035+19 0.04806+77 99.9  100.0 102.2
sh, th, br, bl, tr, incl, gr 771 14.3 12.9 484 0.01690+9 0.1204+25 0.05172+99 108.0 1155 273.1
Sample DQ-8

1, thk, tr, pr gr 1,146  20.2 19.9 4,549  0.01730+25 0.1152+19 0.04832+53 110.6  110.8 115.0
sh, thk, br, pr subtr gr 1,689  29.2 289 5,576  0.01757+26 0.1178%25 0.04863+61 112.3 1131 130.0
thk, br, frg 571 10.1 9.9 1455 0.01742+25 0.1154+21 0.04806+331 111.3  110.9 102.2
sh, th, yl to cls, pr gr 695 12.2 12.1 1,445  0.01755+22 0.1171£21 0.04835+230 1122 1124 116.4
Sample CN-6

sh, md, dk br, pr gr 4,145 58.8 57.8 1,885 0.01465+28 0.0973+22 0.04816+54 93.8 94.3 107.6
sh, th, yl, subtr gr 2282 3438 333 738 0.01489+12 0.0991+18 0.04824+78 95.3 95.9 111.1
sh, sl, cls, tr, pr gr 1,214 297 293 1,930 0.02293+12 0.1592+13 0.05037+34 146.1  150.0 212.1

sh, md, wh, tr, pr gr 1,314 27.1 26.8 2262 0.01905+27 0.1296+24 0.04939+57 121.6 1238 166.4
sh, md, dk br, pr gr 3,198 45.4 44.6 2,507 0.01451+10 0.0964+7 0.04814+16 92.9 93.4 106.2

Sample CN-

sh, thk, br, pr gr 5,519 83.0 782 1,060 0.01495+33 0.0989+30 0.04798+222  95.7 95.8 98.3
sh, thk, br, subtr, pr gr 1,472 22.8 223 2,395  0.01504+22 0.1003+15 0.04841x18 96.2 97.1 1194
sh, md, yl, pr gr 1,094 16.0 15.6 1,872 0.01464+9 0.0982+7 0.04864+21 93.7 95.1 130.5

1, md, yl to cls, pr gr 450 6.9 6.8 3,882 0.01541+6 0.1029+6 0.04843+23 98.6 99.5 120.3
1, thk, yl, subtr, pr gr 492 9.0 8.5 588  0.01692+15 0.1129+18 0.04840+67 108.1  108.6 118.9
L, thk, yl, subtr, pr gr 283 54 53 879  0.01877x15 0.1431x16 0.05529+46 119.9 1358 424.0
sh, th, yl, subtr, pr gr 674 10.8 10.7 1,640 0.01589+14 0.1053+10 0.04808+25 101.6  101.7 103.2
Sample CN-10

sl, 1t br, tr, pr gr 5,070 81.9 72.0 484 0.01481+35 0.0988+21 0.04839+19 94.8 95.7 118.4
1, thk, br, pr gr 6,504 99.8 91.7 765  0.01475+30 0.1021£21 0.05019+67 94.4 98.7 203.8
1, th, br, subtr, pr gr 9,364 145.1 1328 705  0.01484+30 0.0981+21 0.04799+74 94.9 95.0 98.8
sh, md, cls, clr, pr gr 8,863 1343 1219 674 0.01445+35 0.0961+23 0.04823+79 92.5 93.2 110.6

thk, dk br frg 8,094 127.6 113.1 532 0.01474+£32 0.0979+22 0.04819+99 94.3 94.8 108.6
Sample CN-16

1, md, wh, pr gr 14,840 213.1  200.1 1,235 0.01368+29 0.0914+19 0.04845+07 87.6 88.8 121.3
1, md, dk br, pr gr 12,380 231.2  191.0 209  0.01450+33 0.0958+21 0.04798+15 92.8 93.0 98.3
sh, thk, dk br, pr gr 7,740  139.1  111.2 273 0.01458+29 0.0964+19 0.04847+11 93.3 94.4 122.3
1, th, br yl, pr gr 14,567 2234  207.2 845  0.01459+35 0.0960+23 0.04772+08 934 93.1 85.5
dr br, frg 6,601 1149  100.1 415  0.01470+29 0.0978+19 0.04827+11 94.1 94.8 112.5
Sample DC-4

1, thk, cls, pr gr 297 6.3 4.6 140 0.01432+17 0.0952+47 0.04823+99 91.7 92.4 110.6
1, thk, tr, cls, pr gr 106 2.6 1.6 64  0.01418+17 0.0950+45 0.04854+58 90.8 92.1 125.7
1, th, cls, tr, pr gr 187 6.5 3.0 57 0.01428+16 0.0967+45 0.04910+162  91.4 93.7 152.6
sh, th, clr, pr gr 507 8.5 7.7 225  0.01425+15 0.0948+24 0.04828+297 91.2 92.0 113.0

sh, th, pk, subtr, pr gr 584 10.5 9.4 225  0.01524=11 0.1011+32 0.04818+142 975 97.6 106.6
Sample DC-27

1, thk, yl,, pr gr 548 7.7 6.2 243 0.01080+14 0.0723£15 0.04832+103 69.2 70.9 115.0
1, thk, br, subtr, pr gr 322 6.4 5.1 134 0.01447+14 0.0960+43 0.04814+240 92.6 93.1 106.2
1, thk, br, subtr gr 239 5.2 4.4 253 0.01446x16 0.0968+37 0.04857+166 92.5 93.8 127.1
sh, thk, yl to cls, pr gr 323 6.5 5.1 154 0.01434+13 0.0953+43 0.04818+381 91.8 92.4 108.1
1, thk, br, pr gr 501 8.9 8.8 270  0.01425+12 0.0939+20 0.04784+ 72 91.2 91.2 91.4
Sample DC-15

Titanite 119 4.9 77  0.01358+25 0.0893+18 0.04764+115 87.0 86.8 81.4

32
110 4.6 3.0 78 0.01395+17 0.0918+16 0.04775+108 89.3 89.2 87.1
111 4.6 3.0 78 0.01370+30 0.0900+25 0.04765+186 87.7 87.5 81.9




Fig. 3a—c %’Sr/*°Sr vs.
87Rb/%Sr whole-rock and min-
eral isochron plots of data from
the Dinhquan (samples DQ-6
and DQ-8), Cana (samples
CN-3 and CN-10) and Deoca
(samples DC-10 and DC-15)
suites. WR Whole-rock;

Bi biotite; Kf K-feldspar;

Pl plagioclase

Table 4 Radiogenic
207pp/2%8py ratios of evapora-
tion single zircon grains and
corresponding ages
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06 L 1 1 1 1 1 L 1 1
0 100 200 300 400 500
87Rb/863r
Sample Grain Zircon Number Mean of 207pp/29pp
features of ratios 207py,206py, R
ratios (Ma)
DQ-8 granodiorite 1 Thick, big 369 0.04822+18 110+9
2 Thin, long 112 0.04822+54 110£26
3 Thick, short 261 0.04821x17 109+9
4 Thin, long 129 0.04817+29 107x14
5 Thin, small 105 0.04815+22 10611
Mean 800 0.04820+13 109+7

Table 5 Pb isotopic compositions in K-feldspar of granitoids in the
Dalat zone. Errors of the analysed ratios are <0.1%

Sample 206pp/204pp 207pp/***ph 208pp/204pp
DQ-8 18.449 15.536 38310
CN-10 18.471 15.542 38.356
CN-16 18.495 15.537 38.354
DC-4 18.569 15.550 38.448
DC-27 18.487 15.532 38.343

age of ~1,834 Ma suggests the presence of an inherited
Precambrian component.

Cana plutonic suite
Granite samples CN-3 and CN-10

Regression of all six data points defines a well-fitted Rb—
Sr isochron that yields an age of ~96+1 Ma (MSWD =0.3)
and an initial *’St/*°Sr ratio of 0.70641+0.00009
(Fig. 3b). Four of five zircon fractions from sample CN-
10 yield concordant U-Pb data with a mean *° Pb/**%U
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Fig. 4a—c Zircon ages for the 600 a) 09— ——T—T—T—— T T
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age of 94.1+2.1 Ma (Fig. 5b). The remaining fraction has
an older *°’Pb/*°°Pb age (204+31 Ma); however, it still
has the same 2°°Pb/**®U age as the other fractions.

Granite sample CN-6

This sample contains various zircon types. Most grains
are broken and dark brown. Of the five fractions analysed,
three are concordant and define a mean *°°Pb/***U age of
94.0+1.1 Ma (Fig. 5a) that is indistinguishable from the
age of sample CN-10. The two other zircon fractions,
which consist of small and whitish grains, yield discor-
dant data. Regression of these two data points forced
through 94 Ma yields an upper intercept age of
317+36 Ma, which indicates the presence of an old zircon
component. The concordant ages of 94 Ma are considered
as emplacement age of the granite.

Granite sample CN-9

209pp/238U and °’Pb/**>U ages of seven zircon fractions
from this sample scatter between 136 and 94 Ma, but most
ages cluster around 96 Ma (Fig. 5¢). Four zircon fractions

are concordant or nearly concordant with an average
200pp/238 age of 96.1x1.1 Ma. Two other zircon frac-
tions yield concordant, but older, U-Pb ages of ~108 and
~102 Ma, possibly inherited from earlier granitoids with
ages similar to the Dinhquan samples DQ-8 and DQ-1,
respectively. The age of ~96+1 Ma is considered to be the
best estimate for the emplacement time of this granite.
Another fraction is discordant and yields an upper inter-
cept age of 1,248+66 Ma when forced through 96 Ma
(discordia line; Fig. 5c).

Leucogranite sample CN-16

Five zircon fractions were analysed from this sample
(Fig. 5d). Uranium concentrations are extremely high,
ranging from 14,840 to 6,600 ppm. Four of five fractions
analysed yield concordant U-Pb data with an average
209pp/238U age of 93.4+2.0 Ma. Zircon grains of another
fraction have the highest U-content (14,840 ppm) and
yield the lowest U-Pb age of ~87 Ma. A negative cor-
relation between the U-contents and the U-Pb zircon ages
(inset in Fig. 5d) may indicate that Pb loss was probably
related to U concentration. We conclude that the average
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Fig. Sa—d Concordia plots showing data points of conventional U—
Pb zircon analyses from the Cana granite suite. Error ellipses re-
present two-sigma errors. a Plot of sample CN-6, the upper inter-
cept age of 317+36 Ma is defined by regression of two discordant
data points forced through 94 Ma, which is considered as the
crystallisation age of the granite. b Plot of sample CN-10 indicating
crystallisation at 94.1+2.1 Ma. ¢ Plot of sample CN-9, the upper
intercept age of 1248+66 Ma is defined by regression through one

200pp/23¥J age of ~93 Ma represents the emplacement
time of this granite.

Deoca plutonic suite
Granite samples DC-10 and DC-15

All six analyses of WR and minerals from the two sam-
ples define an isochron with an age of ~89+1 Ma (MSWD
=1) and initial ¥’St/*°Sr of 0.70664+0.00004 (Fig. 3c).
Three dark-ember titanite fractions were investigated
from sample DC-15 for U-Pb analysis (F%Bg. 6a). All data
points are concordant, yielding a mean *°°Pb/***U age of
88.0+1.5 Ma, which is in accord with the Rb—Sr isochron
age. Note that the ages obtained for the Deoca pluton are
~40 Ma younger than those reported by Trung and Bao
(1980) but are, within analytical error, in good agreement
with a Rb-Sr biotite age of 87+2 Ma of Lasserre et al.
(1974).

207pp/235Yy

discordant analysis and 96 Ma, which is considered as the crys-
tallisation age of the granite. d Plot of sample CN-16 showing four
concordant data points, which yield an average age of 93.4+2.0 Ma
and represent the emplacement time of the granite. Inser shows
relation between U-contents and 2°°Pb/**%U ages. Negative corre-
lation between these two parameters implies that Pb loss is due to
high U-content of zircon

Pink granite sample DC-4

Five fractions of the best quality zircons were selected for
U-Pb analysis. Compared with the Dinhquan and Cana
samples, the Deoca samples contain zircons with low U
and very low Pb contents (Table 3). Except for one
concordant fraction with older U-Pb ages of 97 Ma, all
analysed zircons yield concordant **°Pb/**®U ages of
~91-92 Ma with a mean of 91.3+1.0 Ma (Fig. 6b). This
age is interpreted as the emplacement age of the rock.

Pink granite sample DC-27

Zircons separated from this sample are generally brown to
colourless and of poor clarity. Four of five zircon frac-
tions are concordant and define an average “*°Pb/***U age
of 92.0+0.9 Ma (Fig. 6¢). A further data point, which
plots below the concordia curve at ~70 Ma, may indicate
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Fig. 6a—c U-Pb zircon and ti-
tanite ages for the Deoca suite.
a U-Pb concordia diagram for
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recent Pb loss. The age of 92 Ma is considered to reflect
the emplacement time of this granite.

Discussion

Constraints on the intrusion sequence

All the ages of the investigated samples recorded by
different isotopic systems indicate that magmatic activity
in the Dalat zone occurred during mid to late Cretaceous
time. Most analysed zircon fractions plot on the concordia
and yielded well-defined ages. However, some zircon
fractions from the samples CN-16, and DC-27 probably
suffered Pb loss and plot below the concordia curve and,
hence, were excluded from mean 2°°Pb/**®U age calcu-
lations. Negative correlation between the apparent
206pp238y ages and the U contents (Fig. 5d) suggest that
Pb loss, at least in this sample, might have resulted from
radiation damages (e.g. Davis and Krogh 2000). High U
contents may facilitate a metamictisation process (e.g.
Nasdala et al. 2001).

The good correspondence of the ages obtained from
different radiometric methods, combined with the internal
structures of zircons revealed by CL images, allows us to

suggest that the emplacement time of the Dinhquan, Cana
and Deoca granitoid suites were between 112 and
100 Ma, 96 and 93 Ma, and 92 and 88 Ma, respectively.
These results are significantly different from previous
dates. Both Rb—Sr and U-Pb ages indicate that the Din-
hquan granitoids are the oldest intrusive rocks in the Dalat
zone, which is consistent with observed field relationships
and previous conclusions (Bao and Trung 1980). How-
ever, our data show that the rocks are ~30-50 Ma younger
than the ages reported by latter authors. On the basis of
few inaccurate K—Ar and Ar—Ar ages, Thang and Duyen
(1988) have suggested that rocks of the Deoca suite are
older than those from the Cana suite. This is, however,
inconsistent with the new Rb—Sr and U-Pb ages. So far,
contact relationships between the Deoca and Cana rocks
have not been described. But all the dated samples from
the Deoca suite gave younger ages than those from the
Cana suite. The U-Pb zircon age of 93.4 Ma of sample
CN-16 collected from the small, highly fractionated
Honsan pluton with extremely high U-contents appears to
represent a final phase in the evolution of the Cana
magma, which is still somewhat older than the oldest
intrusive body of the Deoca suite (Table 3). Although not
all plutons from the three suites are dated, the investigated
samples were chosen from different rock types, which



cover the entire compositional spectrum of the three
suites, from the most primitive through to most evolved
members. Therefore, we suggest that the magmatic in-
trusion sequence in the Dalat zone can be constrained
as Dinhquan—Cana-Deoca. The shift in age from the
Dinhquan suite to the others is accompanied by a change
in the character of the granitoid magmatism: rocks from
the Dinhquan suite are primarily I-type while most of the
Cana rocks are highly fractionated I-type. Rocks of the
Deoca suite exhibit a mixture of both and display por-
phyritic textures (e.g. Thuy et al. 2002). It is important to
note that the age distribution of the granitoid intrusions in
the Dalat zone are not so regular as might be expected
from successive subduction in one direction of the west-
ern Pacific plate. The Deoca rocks with the youngest ages
occur along the present-day coastline (Fig. 1). In other
words, magmatic activity in southern Vietnam has been
migrating oceanward since the early—late Mesozoic. A
similar situation was reported by Jahn et al. (1976, 1990)
and Guo et al. (1984) for granitoids in SE China. These
authors suggested that the oceanward migration of the
magmatic arc probably resulted from increase of the
subduction angle. Their suggestion was supported by the
angle-changing model of Zhou and Li (2000). Since the
beginning of the Cretaceous, the dip of the subduction
slab has increased to the normal dip resulting in de-
creasing width and oceanward migration of the SE China
magmatic arc.

Implications for regional geology

Late-Mesozoic (112-88 Ma) magmatism in the Dalat
zone produced I-type, calc-alkaline granitoid bodies. This
magmatic episode is contemporary with widespread
magmatic activities, for example, in eastern Asia, New
Zealand, the southern Andes and western North America,
which resulted from rapid sea-floor spreading in the
Central and South Atlantic and throughout the Pacific
(Larson and Pitman 1972). On the basis of K—Ar and Rb-
Sr dates of granitoids in SE China, Jahn et al. (1976)
proposed two magmatic episodes: 170-140 and 120-
85 Ma. The 112-88-Ma time interval of magmatism in the
Dalat zone roughly corresponds to the second thermal
event of Jahn et al. (1976) or to the fourth phase of the
Yenshanian orogeny (Huang 1963). This implies that the
Yenshanian orogeny was not restricted to SE China, but
can be extended to large areas of the eastern margin of the
Asian continent, and was directly linked to rapid sea-floor
spreading in the Pacific Ocean during Mesozoic time.
Previous workers (e.g. Bao and Trung 1980; Tung et al.
1992) have proposed that the magmatism in the Dalat
zone occurred during the early—late Jurassic. Our data
suggest that the initiation of arc magmatism in the Dalat
zone, and presumably the onset of subduction, started not
before mid Cretaceous time. This is strong geochrono-
logical evidence for the continuation of the Andean-type
arc, which was initially formed in south-eastern China
during the mid Jurassic through early Cretaceous (e.g.
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Jahn et al. 1976, 1990; Gilder et al. 1996) extended to
southern Vietnam during the mid Cretaceous and pursued
to SW Borneo through the late Cretaceous and earliest
Palaeocene (e.g. Gueniot et el. 1976). The question of
Taylor and Hayes (1983), whether the Andean-type arc
continued south of Vietnam during the Jurassic and early
Cretaceous, is now clearly elucidated on the basis of our
age results. The cessation of subduction in SW Borneo
was associated with rifting events in south-east Asia
(Taylor and Hayes 1983), induced by the collision of
India with Eurasia (e.g. Tapponier et al. 1982, 1990). The
onset of rifting is most likely the latest Cretaceous or
early Palaecocene (65+10 Ma) (e.g. Ru and Pigott 1986;
Yuan et al. 1988).

Conclusions

Rb-Sr and U-Pb ages obtained in this study provide the
first reliable age constraints on the magmatic crystallisa-
tion sequence in the Dalat zone. Our data demonstrate that
the arc magmatism began as early as ~112 Ma ago and
lasted at least ~25 Ma. From the new data, emplacement
age of three magmatic suites and the following intrusion
sequence can be established as the Dinhquan at ~112—
100 Ma, the Cana at ~96-93 Ma and the Deoca at ~92—
88 Ma.

The Dalat granitoids are the products of multiple-
pulses of magmatism that was triggered by the NW sub-
duction of the west Pacific plate beneath the SE Asian
continental margin in Cretaceous time. The geochrono-
logical results of the Dalat granitoids provide evidence for
a continuation of an Andean-type arc from SE China via S
Vietnam to SW Borneo.
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