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Abstract
Late Mesozoic volcanic rocks comprising mainly basalt and basaltic-andesite to dacite occur in south-central Vietnam 
(Dalat zone) and to a lesser extent in southwestern Vietnam (Bay Nui area). Mineral and whole-rock chemistry indicate a 
calc-alkaline affinity for samples in the Dalat zone and a high-K calc-alkaline to shoshonitic affinity for rocks in the Bay Nui 
area. Mineral characteristics and variation diagrams of selected elements suggest that fractional crystallization dominated 
during magma differentiation. The Bay Nui volcanic rocks generally are more enriched in potassium and LILEs (large-
ion lithophile elements) than volcanic rocks from the Dalat zone, which may indicate a more evolved nature or crustal 
assimilation. The similar chemical characteristics and eruption/emplacement age range of volcanic and plutonic rocks (ca. 
90–110 Ma) of equal silica concentration indicate that the magma feeding the volcanic eruptions had the same source as that 
of the plutonic rocks. The observed mineral and whole-rock compositions with enrichment in LILEs, depletion in HFSEs 
(high field strength elements), and noticeably negative Nb, Ta, and Ti anomalies are characteristic for arc signatures. Zircon 
U-Pb geochronological data for the volcanic rocks indicate an age range of 95–105 Ma for the eruption. These geochemical 
and geochronological data link this Late Mesozoic volcanism with continental arc magmatism driven by the subduction of 
the Paleo-Pacific beneath eastern Indochina. Zircon xenocrysts with a likely magmatic origin cluster around 350 Ma and 
250 Ma, indicating two earlier magmatic events most likely related to the subduction of the Paleo-Tethys beneath western 
Indochina and the subsequent Indosinian orogeny.
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Introduction

Andesitic volcanism is commonly associated with con-
vergent margins and has been considered to significantly 
contribute to continental crust formation (Anderson 1976; 

Eichelberger 1978; Tatsumi et al. 2015; Chen and Zhao 
2017). Therefore, a geochemical and geochronological study 
of volcanic rocks with a broadly andesitic composition is 
likely to provide crucial clues to the regional subduction set-
tings that generated the volcanic activity. Along the eastern 
margin of Asia, voluminous Mesozoic volcanic rocks with 
a wide range of chemical compositions, isotopic signatures, 
and age data have been interpreted to originate from a sub-
duction regime (Zhou and Li 2000; Liu et al. 2020). Along 
eastern Indochina, the Dalat zone (Vietnam) is considered 
to be part of the continental magmatic arc that resulted from 
the subduction of the Paleo-Pacific Ocean beneath eastern 
Asia during the Mesozoic and which extends from the north-
eastern margin of China to southwestern Borneo (Zhou and 
Li 2000; Nguyen et al. 2004; Thuy et al. 2004; Zhou et al. 
2006; Morley 2012; Shellnutt et al. 2013) (Fig. 1). A large 
number of Late Mesozoic volcanic and plutonic bodies are 
distributed in southern Vietnam, particularly in the Dalat 
zone, while only a small volume is exposed in the Bay Nui 
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area (SW Vietnam), which is separated from the Dalat zone 
by the Mae Ping Fault. Therefore, the Dalat zone has been 
the main focus of previous studies while the southwestern 
area around Bay Nui has received less attention (Bao 2000; 
Nguyen et al. 2004). A report on tectonics and metallogeny 
in southern Vietnam has presented whole-rock chemistry 
and Ar-Ar and Rb-Sr isotopic data of volcanic samples, yet 
only on a limited scale for the Deo Bao Loc area (Dalat 
zone) (Bao 2000). In the report, Mesozoic volcanics in 
southern Vietnam referred to as the Deo Bao Loc Forma-
tion, have been connected with Late Mesozoic subduction. 
However, a correlation between volcanic and plutonic rocks 
has not been drawn. Furthermore, the volcanic rocks distrib-
uted throughout the Dalat zone and those from the Bay Nui 
area have not yet been subject to a detailed chemical and 
geochronological study although the plutonic rocks in these 
two areas have distinct geochemical and geochronological 
characteristics (Nong et al. 2021).

Considering the lack of geochemical and geochronologi-
cal data for volcanic rocks in southern Vietnam, particularly 
in the Bay Nui area (SW Vietnam), we present new mineral 

chemistry, whole-rock geochemistry, and zircon U-Pb data 
to differentiate between volcanic rocks in the Dalat zone 
(including the Tan Cang, Vung Tau, Hoa An, Phuoc Tan, 
Nui Gio, Deo Bao Loc localities) and in the Bay Nui area. 
The genetic relationship between volcanic and plutonic 
rocks in the study area within the Late Mesozoic tectonic 
framework in southern Vietnam is illustrated based on the 
comparison of their whole-rock compositions and ages. 
Furthermore, this study provides insights into eruption ages 
of volcanic rocks and also presents U-Pb dates of zircon 
xenocrysts, which were used for a regional correlation with 
tectono-magmatic events in Indochina and adjacent areas.

Geological setting

Regional outline and geology of the study area

The Indochina terrane is regarded as the largest continen-
tal plate in Sundaland (SE Asia) where two main tectonic 
events occurred during the Late Paleozoic-Mesozoic: (1) 

Fig. 1  Sketch map of mainland 
Indochina and adjacent areas 
showing Mesozoic magmatic 
belts associated with the closure 
of Paleo-Tethys and Paleo-
Pacific subduction (modified 
after Sone and Metcalfe 2008; 
Fyhn et al. 2016)
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the Indosinian orogeny (Late Paleozoic-Early Mesozoic) 
attributed to the Indochina-Sibumasu and Indochina-South 
China craton amalgamations as a result of the closure of 
Paleo-Tethys branches on the western and northeastern 
margin of Indochina, respectively and (2) the Yanshanian 
orogeny (Late Mesozoic) assigned to the subduction of 
the Paleo-Pacific beneath the eastern margin of Indochina 
(Hall 2012; Metcalfe 2017). Indochina is bordered by the 
South China block to the northeast along the “North Oro-
genic Belt” of the Song Ma suture zone, and by Sibumasu to 
the west along the Chiang Mai-Chiang Rai/Bentong-Raub 
suture zone (Fig. 1). The intermediate Inthanon zone con-
tains Paleo-Tethyan remnants preserved after the amalgama-
tion of Sibumasu and Indochina (Sone and Metcalfe 2008; 
Zaw et al. 2014; Metcalfe 2017).

The Loei Fold Belt and Sukhothai terranes along the 
western margin of Indochina are widely accepted to 
be magmatic arcs formed during the subduction of the 
Paleo-Tethys beneath Indochina (Zaw and Meffre 2007; 
Kamvong et al. 2014; Zaw et al. 2014; Nualkhao et al. 
2018; Nong et al. 2022). The Loei Fold Belt mainly com-
prises Late Permian-Triassic andesitic-rhyolitic volcanic 
rocks and subordinate Devonian-Carboniferous and Silu-
rian magmatic rocks which bear signatures of a subduc-
tion environment (Zaw and Meffre 2007; Hunyek et al. 
2020). Along the eastern Indochina margin, a number of 
Jurassic and Early–Mid-Cretaceous volcanic and plutonic 
rocks distributed throughout Sumatra, SE Borneo, Viet-
nam, and eastern China have been frequently linked with 
Paleo-Pacific subduction (Nguyen et al. 2004; Clements 
et al. 2011; Shellnutt et al. 2013; Nong et al. 2021).

Local geological background

To the north of the Dalat zone, Precambrian amphibolite to 
granulite facies metamorphic suites from the Kontum Massif 
are considered to be the basement of Indochina. Xenocrystic 
zircon grains indicate the existence of an underlying Pre-
cambrian basement (~ 1.8 Ga) in the Dalat zone (Nguyen 
2003). To the southwest of the Dalat zone, Devonian to 
Carboniferous terrigenous sediments around the Bay Nui 
area are thought to represent the oldest sequence and are 
conformably overlain by Permian limestones (Tri and Khuc 
2009). These Paleozoic sedimentary sequences are in turn 
overlain by Triassic felsic-intermediate volcanic formations, 
sandstones, and Jurassic mudstones and sandstones (Hoa 
et al. 1996). Late Mesozoic volcanic assemblages are usu-
ally described as sequences of volcanics and associated tuffs. 
During the Mesozoic, southern Vietnam experienced exten-
sive plutonism and volcanism associated with the Indosinian 
orogeny and the Yanshanian orogeny (Tri and Khuc 2009).

The study area is located along the eastern margin of 
Indochina where Paleo-Pacific subduction dominantly took 

place during the Late Mesozoic (118 to 87 Ma) (Nguyen 
et al. 2004; Shellnutt et al. 2013; Nong et al. 2021). As a 
result, a Mesozoic magmatic arc formed and extended con-
tinuously from the Dalat zone to southernmost Vietnam. 
Although the prominent NW-SE-oriented Mae Ping fault 
has been considered to be the boundary between the Dalat 
zone and the SW Vietnam area, it does not significantly dis-
rupt the continuation of this magmatic arc (Nong et al. 2021) 
(Fig. 2).

The Late Mesozoic granitoid bodies within the Dalat zone 
and to a lesser extent in southwestern Vietnam have been 
attributed to two main stages: (1) continental arc-related 
magmatism (ca. 110–90 Ma) and (2) within-plate mag-
matism associated with an extensional regime (83–75 Ma) 
(Shellnutt et al. 2013; Nong et al. 2021). Therefore, the 
granite belt in southeastern Indochina marks the transition 
from the subduction-dominated Mesozoic era to the rift-
dominated Cenozoic era (Fyhn et al. 2016).

In the Dalat zone, volcanic rocks are mainly assigned to 
the Deo Bao Loc Formation and the Nha Trang Formation 
which contain tuffs of intermediate to acidic composition, 
respectively. Although these volcanic rocks are named differ-
ently according to their localities and variable compositions 
(i.e., Long Binh Formation and Don Duong Formation), 
they are believed to originate from a similar Late Mesozoic 
tectonic setting based on field relationships, petrographical 
characteristics, whole-rock chemistry, and Ar-Ar and Rb-Sr 
isotopic data (Bao 2000). In the Bay Nui area (southwestern 
Vietnam) Early Triassic rhyolite and rhyolitic tuffs are inter-
bedded with a marine sedimentary sequence. Another Late 
Mesozoic volcanic activity has been recognized as compris-
ing intermediate-felsic compositions (andesite, andesitic 
tuffs, and rhyolite) (Hoa et al. 1996).

Field relationships and petrography

Samples were collected from several quarries within the 
study area (e.g., Bay Nui, Tan Cang, and Hoa An quarries) 
(Fig. 3a). Xenoliths of Mesozoic granitoids (collected at the 
same localities and dated at ca.106 Ma by Nong et al. 2021) 
are occasionally found in basaltic andesite and volcanic tuffs 
in the Bay Nui area (Fig. 3b). Greenish-grey andesite is occa-
sionally interbedded with strongly iron-stained andesites or 
calcite-rich layers in the Vung Tau area (Fig. 3c, d). In terms 
of structural geology, andesite from the Deo Bao Loc area 
exhibits fracturing parallel to the regional deformation trend 
(Fig. 3e, f). Additionally, volcanic rocks in southwestern 
Vietnam may cause metasomatism in Jurassic sedimentary 
rocks (Hoa et al. 1996).

Basaltic andesites with aphanitic or porphyritic textures 
prevail in the Bay Nui, Tan Cang, Vung Tau, Hoa An, and 
Phuoc Tan areas. Plagioclase, pyroxene, and subordinate 
amphibole usually occur as phenocrysts (Fig. 4a, b, e, f, 
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and g). A porous structure is locally observed in the rocks 
with pores filled with microcrystalline  SiO2 (Fig. S1 in 
the ESM - electronic supplementary material). Accessory 
phases are apatite, titanite, and magnetite. Chlorite and 
epidote are the most common secondary minerals.

Andesitic tuffs occur throughout the Bay Nui, Phuoc 
Tan, and Nui Gio areas. They comprise volcanic ash and 
fragments of various rock types, e.g., sedimentary, plu-
tonic rocks, and volcanic fragments of basaltic andesite 
(Fig. 4c, d). Andesitic tuffs from the Phuoc Tan and the 
Nui Gio areas exhibit strong chloritization and epidotiza-
tion where relicts are hardly observed.

Porphyritic andesite and dacite are commonly found 
in the Deo Bao Loc area. They contain more amphibole 
compared to those of the other areas with prominent 
phenocrysts of plagioclase and amphibole embedded in 
fine-grained plagioclase and glassy groundmass (Fig. 4h). 
Accessory phases are apatite, ilmenite, titanite, and 
sulfide minerals (e.g., pyrite and arsenopyrite) (Fig. S1 

in the ESM). Chlorite and epidote are common secondary 
phases.

Rhyolite occurs sporadically in the study area and was 
collected only from the Bay Nui and Vung Tau areas. It 
displays scattered fresh quartz and plagioclase phenocrysts 
in a felsic groundmass.

Analytical methods

Thirty volcanic samples representative of seven geologi-
cal sites were collected in southern Vietnam. Ten were 
used for quantitative mineral analyses. Microtextures, 
backscattered-electron (BSE) images, and mineral com-
positions were investigated with a JEOL JXA-8530 F Plus 
electron probe microanalyzer (EPMA) using wavelength-
dispersive X-ray spectrometry (WDS). Thin sections were 
coated with carbon and analyzed at an accelerating voltage 
of 15 kV, 10 nA beam current, ~ 1–3 μm beam diameter, 

Fig. 2  Geological map of southern Vietnam and adjacent areas (modified after Tien 1991; Hoa et al. 1996)
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and counting times of 20 s on peak and 20 s for total back-
ground. The ZAF correction method was applied to all 
analyses and the following reference materials and X-ray 
lines were used for calibration: garnet (Fe Kα, Mg Kα, Ca 

Kα), titanite (Ti Kα), chromite (Cr Kα), rhodonite (Mn 
Kα), albite (Na Kα), microcline (K Kα, Si Kα, Al Kα), 
F-phlogopite (F Kα), and tugtupite (Cl Kα). The detection 
limits of major elements are 0.02%.

a) Bay Nui basaltic andesite b) Bay Nui basaltic andesite

c) Vung Tau andesite d) Vung Tau andesite

e) Deo Bao Loc andesite f) Deo Bao Loc andesite

Fig. 3  Outcrop features of the studied rocks: a Basaltic andesite from 
a quarry in the Bay Nui area; b Basaltic andesite containing xeno-
liths of Late Mesozoic granitoids (Nong et al. 2021); c Greenish-grey 

andesite interbedded with strongly iron-stained andesite; d Calcite-
rich andesite layers; e Fractures following the regional deformation 
trend; f Porphyritic andesite containing plagioclase phenocrysts
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Twenty-four samples were milled using a tungsten carbide 
vibratory disc mill. For tuff samples, wall rock fragments were 
removed before powdering for geochemical analyses. The 
powdered samples were dried at  105oC for at least 4 h in an 
oven. Loss on ignition (LOI) was carried out by igniting ~ 1 g 
of each sample in ceramic crucibles at  1030oC for 1 h.

Samples for major element determination were analyzed 
by X-ray fluorescence spectroscopy (XRF). Glass beads of 
~ 4 cm diameter were prepared by melting 1 g of rock pow-
der and 7 g of di-lithium tetraborate powder in platinum cru-
cibles. The glass beads were analyzed with a Bruker Tiger 
S8-II XRF spectrometer with an Rh target X-ray tube to 
obtain major, minor and selected trace elements. The rela-
tive standard deviation of major elements (> 1 wt%) is 1–2% 
and that of minor and trace elements (0.02–1 wt%) is 3–5%.

For trace and rare earth elements, powdered samples 
(~ 40 mg) were dissolved with a mixture of 1 ml double dis-
tilled  HNO3 (15 N) and 2 ml suprapure HF (28 N) in Teflon 
beakers with tightly screwed caps on a hotplate at  180oC for 
48 h. The solutions of samples were then evaporated and 
re-dissolved twice in 1 ml  HNO3 (15 N) and once in 1 ml 
HCl (12 N). An ultrasonic bath was used for full dissolu-
tion. The dissolved samples were then diluted in 2%  HNO3 
to obtain the final ~ 1500x dilution for inductively coupled 
plasma-mass spectrometry (ICP-MS). Analyses were per-
formed with an Agilent 7700 quadrupole ICP-MS system at 
the Institute of Chemistry, University of Graz. The standards 
BHVO-2 (USGS) and IV-ICPMS-71 A (Inorganic Ventures) 
were used for calibration and JR-2 and JG-3 (GSJ) were 
analyzed to monitor the accuracy of the measurements. The 
detection limit was 0.1 − 0.01 ppm for most trace elements. 
Geochemical data were processed and plotted using the 
R-based software package GCDkit (Janoušek et al. 2006).

Five representative samples were selected for U-Pb zircon 
dating by laser ablation multi collector (MC) ICP-MS. The 
samples were crushed to reach a grain size of ca. 50–250 μm. 
Gold panning was then performed to concentrate the heavy 
minerals which were subsequently processed with a Frantz 
magnetic barrier separator. Handpicking of random zircon 
grains was performed under a binocular microscope. Zir-
con samples were mounted in epoxy resin and polished to 
expose the grain centers. Cathodoluminescence (CL) images 

of zircon, obtained with a JEOL JXA-8530 F Plus EPMA, 
were used for selecting analysis spots on zircon grains. An 
ESI NWR 193 nm laser ablation system coupled to a Nu 
Plasma II multi collector (MC) ICP-MS system was used 
for all analyses. The laser was operated at 5 or 8 Hz repeti-
tion rate and 20% of 5 mJ laser energy output resulting in 
a sample fluence of ~ 2.5 J/cm². The laser was warmed up 
by shooting 25 s at the shutter, which was followed by 15 
or 30 s of sample ablation on each 25 μm diameter spot (see 
Table S1 in the ESM for detailed measurement conditions).

GJ1 zircon (Jackson et al. 2004) was used as the primary 
reference material. Plešovice (Sláma et al. 2008), 91,500 
(Wiedenbeck et al. 1995), and M257 zircon samples (Nasdala 
et al. 2008) were used as secondary reference material to assess 
the reproducibility and accuracy of analyses. Secondary refer-
ence materials were analyzed once for every 6 or 13 analyses 
and gave an accuracy better than 2% and long-term reproduc-
ibility of 1.3%. No common lead correction was applied to 
the results. 206Pb/238U weighted mean ages for each sample 
were calculated from single zircon dates showing less than 5% 
discordance. The uncertainty of the mean ages was obtained 
by propagating systematic uncertainties to the uncertainty of 
the weighted mean age (Horstwood et al. 2016). Data reduc-
tion was performed with the IOLITE v. 3.71 software package 
and the X_U-Pb_Geochron4 DRS (Paton et al. 2010, 2011). 
Concordia diagrams and weighted mean calculations were per-
formed with Isoplot (Toolkit for Microsoft Excel) (Ludwig 
2008).

Results

Mineral chemistry

The majority of pyroxene and amphibole of volcanic rocks 
shows compositions similar to those of previously analyzed 
plutonic rocks (Nong et al. 2021), especially for CaO, MgO, 
and FeOt from EPMA analyses of rock-forming minerals. Fig-
ure 5a, c show the overlap of pyroxene and amphibole compo-
sitions between volcanic and plutonic rocks. Detailed analyti-
cal results are given in Supplementary Table S2 in the ESM.

Pyroxene: Basaltic andesite samples from the Bay Nui 
and the Hoa An areas (Dalat zone) usually contain clino-
pyroxene. The clinopyroxene phenocrysts and finer grains 
in the groundmass of rocks from Bay Nui are diopside and 
those from the Hoa An area are augite-diopside according to 
the classification diagram in Fig. 6a (Morimoto 1988). The 
 XMg [Mg/(Mg +  Fe2+)] is high and variably ranging from 0.5 
to 0.9 while  Cr2O3 content is generally low (< 0.1 wt%). The 
titanium versus Ca + Na diagram shows that the host magma 
of pyroxene of the Bay Nui rocks is more alkaline com-
pared to the Hoa An rocks (Leterrier et al. 1982) (Fig. 6b). 
Pyroxene occasionally exhibits oscillatory zonation where 

Fig. 4  Cross-polarized light images of minerals: a  Pyroxene phe-
nocrysts in basaltic andesite (Bay Nui area); b Assemblage of anhe-
dral to subhedral plagioclase (Bay Nui area); c  Fragments of vol-
canic rock in andesitic tuff (Bay Nui area); d K-feldspar xenocryst in 
andesitic tuff (Bay Nui area); e Gnawed plagioclase phenocrysts in 
andesite (Bay Nui area); f Plagioclase forming intersertal texture in 
basaltic andesite (Hoa An area); g Euhedral plagioclase phenocrysts 
in andesite (Deo Bao Loc area); h Subhedral amphibole phenocryst in 
andesite (Deo Bao Loc area). Abbreviations of mineral names follow 
Whitney and Evans (2010): Cpx – Clinopyroxene, Kfs – K-feldspar, 
Pl – Plagioclase, Qz – Quartz, Amp – Amphibole, and Chl – Chlorite; 
and areas: BN – Bay Nui, HA – Hoa An, and DBL – Deo Bao Loc

◂
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the outer zones are concentric rings and periodically repeat 
chemical compositions from the core.

Amphibole: is commonly found in the Deo Bao Loc 
andesite (Dalat zone) and occasionally in the Bay Nui rocks. 
Chemical compositions of amphibole belong to the calcic 
group with (Ca + Na)B > 1.00 and  NaB < 0.50. Amphibole of 
the Deo Bao Loc andesite has a moderate MgO content and 
is classified as ferro- to magnesio-hornblende and actinolite 
according to amphibole nomenclature (Leake et al. 1997; 
Hawthorne et al. 2012) (Fig. 6c). Amphibole of the Bay Nui 
basaltic andesite has a higher MgO content than amphibole 
of the Deo Bao Loc andesite and is categorized as magnesio-
hornblende. The halogen content (F and Cl) of all analyzed 
amphiboles is generally low (< 0.3 wt%).

Feldspar: Plagioclase of the Bay Nui basaltic andesite 
is characterized by a wide range of compositions  (XAn = 
0.1–0.8) while plagioclase composition is more restricted 
in the Hoa An basaltic andesite  (XAn< 0.2) and the Deo 
Bao Loc andesite  (XAn = 0.4–0.5) (Fig. 6d). Plagioclase 
usually shows normal zoning with calcium-rich cores and 
sodium-rich rims. K-feldspar has a low content of sodium 
 (Na2O < 2.32 wt%) and calcium (CaO < 0.24 wt%). Barium 
content is very low with a maximum of 0.1 wt%.

Biotite: Xenomorphic biotite is a common constituent 
of andesitic tuff. Chemical composition points to eastonite 
(high aluminum and magnesium) and a calc-alkaline oro-
genic tectonic setting of the host magma (Abdel-rahman 
1994). The  TiO2 concentration is moderate (4.05–5.31 

Fig. 5  Classification diagrams for volcanic rocks: a Total alkalis ver-
sus silica (Le Bas et  al. 1986); b Nb/Y versus Zr/TiO2 (Winchester 
and Floyd 1977); c  K2O versus  SiO2 diagram illustrating the compo-

sitional series (Peccerillo and Taylor 1976); and d Ternary diagram 
showing magmatic series (Irvine and Baragar 1971)
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wt%). Halogen composition shows enrichment of fluorine 
over chlorine with 1.14–1.64 wt% F and 0.04–0.08 wt% Cl.

Whole‑rock chemistry

Major elements

In the rock classification diagrams (Fig. 5a, b), the samples 
span a large range from basaltic to rhyolitic composition but 
mainly fall into the basaltic/basaltic-andesitic to andesitic/

trachyandesitic fields (Winchester and Floyd 1977; Le Bas 
et al. 1986). Alkali concentrations vary from subalkaline to 
alkaline and shoshonitic series (Irvine and Baragar 1971; 
Peccerillo and Taylor 1976) (Fig. 5c and d). Whole-rock 
compositions are presented in Supplementary Table S3 in 
the ESM.

In major element oxide versus  SiO2 variation diagrams, 
 TiO2, MgO,  Fe2O3t, CaO, and  P2O5 decrease with increasing 
 SiO2 content while  K2O does not show a clear correlation 
with  SiO2 (Fig. S2 in the ESM).
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Trace elements

Harker diagrams (Fig. S2 in the ESM) of selected LIL ele-
ments (Rb, Ba, and Sr) define two groups: (1) high con-
centrations of LILEs are found in Bay Nui rocks and (2) 
lower contents of LILEs in the Dalat zone (Tan Cang, Vung 
Tau, Hoa An, Phuoc Tan, Nui Gio, Deo Bao Loc areas). 
Rubidium, Ba, and Sr negatively correlate with  SiO2 content 
in the Bay Nui samples while they positively correlate with 
 SiO2 in rocks of the remaining areas. All rock samples show 
a negative correlation of Cr with  SiO2 and a slightly positive 
correlation of HFSEs with  SiO2.

In the primitive mantle-normalized trace element diagrams 
(McDonough and Sun 1995), most of the samples, except for 
the Phuoc Tan samples (PT131–PT134) and one Vung Tau 
sample (VT140), are characterized by enrichment in Cs, Rb, 
and Ba. All samples show depletion in Nb, Ta, and Ti, which 
is commonly found in magmas with arc signatures (Fig. 7a, c) 
(e.g., McDonough 1991; Zheng 2019). Chondrite-normalized 
REE diagrams after Nakamura (1974) show enrichment of 
LREEs relative to HREEs (La/Yb = 3.92–20.12). Noticeably, 

Eu, the element preferentially incorporated into plagioclase, 
does not display a negative anomaly, with the exception of 
one rhyolite sample VT140, indicating that plagioclase frac-
tionation was not significant (Fig. 7b, d).

Trace and rare earth elements of volcanic rocks are plotted 
together with plutonic samples of equivalent silica concentra-
tion from the corresponding areas in southern Vietnam, i.e., 
the Bay Nui volcanic samples are compared to the Bay Nui 
plutonic samples and the volcanic samples from the Dalat 
zone are compared to the Dalat plutonic samples (Nguyen 
2003; Nong et al. 2021) (Fig. 7). The volcanic and plutonic 
rocks exhibit similarities in element patterns in the spider dia-
grams. In the Bay Nui area and the Dalat zone, apart from the 
Phuoc Tan samples and sample VT140, the volcanic samples 
display patterns well overlapping with those of plutonic sam-
ples. The Phuoc Tan samples have lower Cs, Th, U, Zr, and 
LREE contents compared to rocks from other areas, which is 
probably due to the less evolved nature of this magma suite 
(lower  SiO2 content) and/or to the influence of alteration. One 
sample from the Phuoc Tan area (PT133) and one from the 
Vung Tau area (VT140), which have exceptionally high  SiO2 

Fig. 7  Plots of primitive mantle-normalized trace elements (McDonough 
and Sun 1995) and chondrite-normalized REEs (Nakamura 1974): Sam-
ples from this study are plotted together with plutonic samples of equiva-

lent silica content and the same age range (ca.100 Ma) occurring in the 
study area (i.e., Nguyen et al. 2004; Nong et al. 2021)
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content clearly deviate from the common distribution trend 
of trace elements (Fig. 7c). In the tectonic classification dia-
grams (Fig. 8), most of the samples fall into the orogenic, 
volcanic arc basalt, calc-alkaline basalt, and typical arc rock 
fields (Pearce et al. 1977; Wood 1980; Defant and Drummond 
1990; Pearce 2014).

Zircon U‑Pb dating

Cathodoluminescence (CL) images of representative zircon 
grains from the volcanic rocks are presented in Fig. 9. Zir-
con U-Pb dates with discordance of less than 5% are pre-
sented on Wetherill concordia diagrams (207Pb/235U versus 
206Pb/238U) for all age ranges and additional age-ranked 
weighted mean plots are shown for the young age group 
(ca. 100 Ma) (Fig. 10). The 206Pb/238U weighted mean ages 
were calculated from single zircon dates forming statistically 
robust plateaus. The uncertainty shown with the 206Pb/238U 
weighted mean age includes propagated systematic uncer-
tainties. Raw data of zircon U-Pb dating is given in Supple-
mentary Table S4 in the ESM.

Zircon grains of the different age groups display mildly 
distinct characteristics (morphology, internal structure, and 
zircon size). Three distinct age groups can be identified: 
ca. 100 Ma (group 1, 78 spots), ca. 250 Ma (group 2, 61 
spots), and ca. 350 Ma (group 3, 24 spots). Zircon of group 
1 is usually euhedral, small to medium in size (50–150 μm) 
and shows a distinct oscillatory growth zonation typical for 
magmatic zircon (Corfu et al. 2003). Zircon of group 2 is 
xenocrystic (sample BN97 and PT134) and is usually more 
variable in size (30–180 μm) compared to zircon of group 1. 
They display a multifaceted structure in the grain interiors 
and occasionally contain older xenocrystic cores (sample 
PT134). The zircon of group 3 is xenocrystic and has the 
smallest grain size of all zircon samples (30–100 μm) and 
partly destroyed crystal edges. Although zircon of the two 
latter groups is xenocrystic, they show oscillatory zonation 
and Th/U > 0.1, characteristic of a magmatic origin of their 
protoliths (Rubatto 2002). The majority of zircon grains in 
group 1 are pale pink or orange and transparent, whereas zir-
con in groups 2 and 3 are usually dark orange and less trans-
parent. The 206Pb/238U weighted mean ages of the youngest 
age group (group 1) are interpreted as the eruption ages of 

Fig. 8  Tectonic classification: 
a MgO-FeOt-Al2O3 diagram 
(Pearce et al. 1977); b Nb/Yb 
versus Th/Yb (Pearce 2014), 
c Triangular diagrams of Th, 
Zr/117, and Nb/16 (Wood 
1980); and d Sr/Y versus Y 
diagram for distinguishing typi-
cal arc rocks from adakite-like 
rocks (Defant and Drummond 
1990). Abbreviations: IAT–
island-arc tholeiites, CAB–calc-
alkaline basalts, N-MORB–N-
type mid-ocean–ridge basalts, 
E-MORB–E-type mid-ocean–
ridge basalts, WPA–alkaline 
within-plate basalts
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the volcanic rocks while the old groups (group 2 and group 
3) document earlier magmatic events.

Bay Nui basaltic andesite: Thirty-one zircon grains were 
analyzed for sample BN109. Twenty-seven spots are con-
cordant and all belong to group 1 (Fig. 10a). The 206Pb/238U 
weighted mean age calculated from eighteen spots is 
94.2 ± 1.3 Ma (n = 18, MSWD = 1.6). For sample BN97, 
forty-five zircon grains were dated and twenty-nine are con-
cordant (Fig. 10b). Two main age groups are recorded: group 
1 yielded 206Pb/238U dates from 101 to 127 Ma (Fig. 10b1) 
and group 2 yielded a range between 216 and 263  Ma 
(Fig. 10b2).

Phuoc Tan andesitic tuff: Fifty-two zircon grains of sam-
ple PT134 were analyzed and forty-seven are concordant 
(Fig. 10c). Two main age groups are recorded: group 1 
yielded a 206Pb/238U weighted mean age of 101.8 ± 1.8 Ma 

Fig. 9  Cathodoluminescence (CL) images of representative zircon from volcanic rocks in the Bay Nui area (BN109 and BN97) and Dalat zone 
(PT134, VT138, and DBL145)

Fig. 10  U-Pb concordia diagrams of volcanic rocks for the old age 
groups (group 2 - ca. 250 Ma with yellow background and group 3 - ca. 
350 Ma with light-blue background) in the Bay Nui area (BN109 and 
BN97) and Dalat zone (PT134, VT138, and DBL145) with weighted 
mean 206Pb/238U age diagrams for the young age group (group 1 - ca. 
100 Ma). Uncertainties shown with the weighted mean age include sys-
tematic components (2 sigma level). Internal 2σ of the mean is shown 
for comparison

◂
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(n = 6, MSWD = 1.4) (Fig.  10c1) and group 2 yielded 
206Pb/238U dates from 226 to 284 Ma (Fig. 10c2).

Vung Tau andesite: Twenty-two zircon grains of the 
sample VT138 were analyzed and eighteen are concord-
ant (Fig. 10d). Two main age groups are recorded: group 1 
yielded a 206Pb/238U weighted mean age of 105.8 ± 1.6 Ma 
(n = 7, MSWD = 1.3) (Fig.  10d1) and 206Pb/238U dates 
of another group (group 3) range from 341 to 361  Ma 
(Fig. 10d2).

Deo Bao Loc andesite: Forty-two zircon grains of the 
sample DBL145 were analyzed and thirty-six are concord-
ant (Fig. 10e). The majority of dated zircon grains belong 
to group 1 and yielded a 206Pb/238U weighted mean age of 
104.9 ± 1.4 Ma (n = 24, MSWD = 0.77) (Fig. 10e1). A few 
zircon grains of group 3 show 206Pb/238U dates ranging from 
336 to 371 Ma (Fig. 10e2).

Discussion

Magma differentiation

Several potential sources have been proposed for subduc-
tion-related magmas including the subducted slab, the over-
lying mantle wedge, and the deep continental and oceanic 
crust (Grove and Kinzler 1986; Schiano et al. 2010). Above 
subduction zones, calc-alkaline andesitic melts are gener-
ally supposed to be the product of fractional crystallization 

from basaltic magmas under hydrous conditions and their 
interaction with arc crust (Schiano et al. 2010) with crustal 
materials often contributing to some extent to the forma-
tion of andesitic lavas (DePaolo 1981; Bryant et al. 2006). 
Recently, Chen and Zhao (2017) suggested that source mix-
ing (SARSH) is another possible mechanism for the genera-
tion of continental arc andesites explaining the incorpora-
tion of crustal-derived materials into the mantle source of 
andesitic magmas.

Volcanic rocks in the study area show a wide range of 
calc-alkaline magma compositions ranging from basal-
tic andesite to dacite (and rare rhyolite). Andesitic rocks 
in the Deo Bao Loc have been shown to be the product of 
fractionation of mantle-derived melts with a contribution 
of crustal components with initial 143Nd/144Nd ratios of 
0.5123–0.5125, εNd = -3,07 to + 1.51, and initial 87Sr/86Sr 
ratios of 0.7041–0.7069 (Bao 2000; Tri and Khuc 2009).

Since isotopic compositions were not determined in this 
study, trace element contents were used to investigate the 
magmatic processes controlling the geochemical composi-
tions of the studied volcanic rocks. Two highly incompatible 
elements  (CH) are plotted against each other (Th versus Rb) 
(Schiano et al. 2010) (Fig. 11a). In this plot, the majority 
of samples within a locality follow a fractional crystalliza-
tion trend with exception of a few samples from the Dalat 
zone, which indicates that fractional crystallization played 
an important role during magma differentiation.

Fig. 11  Trace element variation 
diagrams to identify mag-
matic processes: a Two highly 
incompatible elements  (CH) 
are plotted against each other 
(Th versus Rb) (Schiano et al. 
2010); b Sr/Y versus  SiO2 and c 
Sm/Yb versus Dy/Yb diagrams; 
b and c show fractionation of 
dominant phases during magma 
differentiation; abbreviations: 
Cpx – clinopyroxene, Plag – 
plagioclase, and Amp – amphi-
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The Sr/Y versus  SiO2 and Dy/Yb versus Sm/Yb diagrams 
are used to investigate the phases determining the fractiona-
tion trends (Mamani et al. 2010; Wörner et al. 2018). The 
Sr/Y ratio is particularly sensitive to track the presence of 
plagioclase or garnet while the Dy/Yb and Sm/Yb ratios 
are sensitive to distinguish between amphibole and garnet, 
respectively, during high-pressure magma evolution with 
increasing crustal thickness through time (Mamani et al. 
2010). At low pressures at shallow depth or within a thin arc 
crust, plagioclase and clinopyroxene tend to be the dominant 
fractionating phases, which causes the Sr/Y ratio to remain 
low. The Dalat rocks partly follow the amphibole fractiona-
tion trend (Fig. 11b) and subordinately the clinopyroxene 
(± plagioclase) trend (Fig. 11c), which indicates fractionation 
at a middle crustal level for some rocks and an upper crustal 
level or a thin-crust setting for other samples. In contrast, the 
Bay Nui rocks mainly follow a distinct garnet trend, which 
suggests that fractionation at greater depth is probably related 
to crustal thickening. Few samples of the Bay Nui area lie 
outside the field of typical arc rocks (Fig. 8d) due to elevated 
Sr (> 400 ppm) and lower Y contents (< 18 ppm) (Defant and 
Drummond 1990). The elevated Sr/Y ratio in these samples 
might be assigned to either differentiation of amphibole and/
or garnet from wet basaltic magma at lower crustal levels or 
to fluid-related modifications seen also in elevated potassium 
contents (Macpherson et al. 2006; Rodríguez et al. 2007; 
Rooney et al. 2011).

Moreover, mineral chemistry is consistent with fractional 
crystallization. Oscillatory zonation of clinopyroxene might 
be explained by periodic changes in melt composition, pres-
sure, or temperature (Shore and Fowler 1996; Schoneveld 
et al. 2020) (Fi. S1 in the ESM). Concentric zoning in pla-
gioclase with decreasing  XAn towards the rim reflects the 
development of more evolved magma over time, however, 
no rhythmic zoning - as observed in clinopyroxene - occurs.

Whole-rock chemical compositions with variable con-
centrations of highly incompatible trace elements (e.g., 
Rb, Cs, Ba, Pb, Th, and LREEs) might be explained by 
the assimilation of crustal material or addition of crust-
derived melts to the andesitic melts. The stronger enrich-
ment in LILE, particularly potassium, and LREE concen-
trations of rocks from the Bay Nui area compared to rocks 
from the Dalat zone is probably largely due to fractional 
crystallization. Therefore, besides fractional crystalliza-
tion (Fig. 11), crustal contamination is regarded as an 
important process to explain the observed geochemical 
trends (Bryant et al. 2006). An alternative explanation for 
the abnormally high potassium content of samples from 
the Bay Nui area could be mantle-derived alkali-rich 
parental melts generated from partial melting of K-rich 
metasomatized lithospheric mantle containing amphibole 
and/or phlogopite (Conceiçao and Green 2004; Conticelli 
et al. 2009; Bucholz et al. 2014).

The general low Mg# (= 100*MgO/(MgO + FeO)  
= 19.9–41.4) and higher alkali contents of the studied samples 
compared to other andesites from continental arcs (Conway 
et al. 2020a, b) possibly result from either fractionation pro-
cesses of the magma during ascent or, according to a recent 
interpretation, from source mixing and partial melting of 
metasomatic domains in the mantle wedge (Chen and Zhao 
2017; Chen et al. 2021). Such metasomatic domains might 
result from the reaction of mantle wedge peridotite with 
hydrous felsic melts derived from the subducted slab.

From the magma differentiation trends and overall geo-
chemical compositions of the studied rocks, two alternative 
schematic tectonic models can be proposed (Fig. S3 in the 
ESM): (1) “Basalt-input model” supporting the assumption 
that assimilation and fractional crystallization (AFC) pro-
cesses account for the observed chemical compositions and 
(2) the SARSH model (Chen and Zhao 2017; Chen et al. 
2021) interpreted as subduction, anatexis, reaction, storage 
and heating, which favors the hypothesis of source mixing 
and partial melting of metasomatic domains in the mantle 
wedge. The former is supported by bulk compositions rang-
ing mainly from basaltic to andesitic and the evidence of 
fractional crystallization trends and assimilation that led 
to enrichment and variable concentrations of melt-mobile 
incompatible trace elements. The latter might better explain 
the enrichments of Rb, Cs, Ba, Pb, Th, and LREEs of the 
studied volcanic rocks and the addition of crustal compo-
nents to primitive high-K arc melts.

Timing of eruption and significance of xenocrystic 
zircon

Kernel density estimate (KDE) plots of 206Pb/238U dates 
of single zircon grains from volcanic rocks clearly display 
three different populations at ca. 350 Ma, ca. 250 Ma, and 
ca. 100 Ma (Fig. 12a). These are observed both in the Bay 
Nui area and the Dalat zone (Phuoc Tan, Vung Tau, and Deo 
Bao Loc). The youngest age group (ca. 100 Ma) is consid-
ered to be the volcanic stage, which is consistent with the 
timing of Paleo-Pacific subduction-related magmatism, par-
ticularly with the so-called Late Yanshanian orogenic event 
reported along the eastern margin of China and Vietnam 
(Zhou and Li 2000; Nguyen et al. 2004; Thuy et al. 2004; 
Zhou et al. 2006; Shellnutt et al. 2013; Nong et al. 2021). 
Field relationships also support the magmatic ages obtained 
in this study (Tong et al. 2011) as volcanic rocks uncon-
formably overlie formations of the Devonian and Jurassic 
ages. They contain xenoliths of Late Mesozoic granitoids 
(ca.106 Ma) at the Bay Nui area (Nong et al. 2021) and 
agree with the age range of 100–128 Ma derived from K-Ar 
and Ar-Ar whole-rock dating results (Bao 2000). Volcan-
ism in southern Vietnam is spatially distributed within and 
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temporally coeval with the Late Mesozoic Paleo-Pacific 
subduction-related granitoid belt and coincides with Late 
Mesozoic volcanism in southeastern China.

Figure 12b summarizes the emplacement ages of Mesozoic 
volcanic rocks obtained in this study, Late Paleozoic-Early 
Mesozoic rocks (Fanka et al. 2018; Nualkhao et al. 2018; 
Cheng et al. 2019; Hunyek et al. 2020; Nong et al. 2022) and 
Late Mesozoic rocks are compiled from the literature (Nguyen 
et al. 2004; Zhou et al. 2006; Shellnutt et al. 2013; Xu et al. 
2016; Yan et al. 2017; Cheng et al. 2019; Nong et al. 2021). 
Volcanism and plutonism along western Indochina occurred 
episodically from the Carboniferous to the Triassic in the Loei 
Fold Belt and Sukhothai arc (Zaw and Meffre 2007, Zaw et al. 
2014; Fanka et al. 2018; Hunyek et al. 2020). These magmatic 
episodes correlate with (1) the subduction of Paleo-Tethys 
beneath the western margin of Indochina and (2) the plate 
amalgamation of Sibumasu and Indochina during the Indosin-
ian orogeny (Fig. 12a). Thus, U-Pb age data obtained from 
zircon xenocrysts in this study (336–371 Ma and 216–284 Ma) 
indicate that these magmatic events had some influence on the 
eastern edge of Indochina.

Further to the north of the study area, within the Kon-
tum massive and the Song Ma Suture Zone, the ~ 250 Ma 
magmatic rocks are widespread and have been linked to the 
amalgamation of South China and Indochina referred to as 
Indosinian orogeny (Hieu et al. 2015). This magmatism is 
supposed to have taken place at approximately the same time 
as the Simumasu-Indochina amalgamation. We cannot firmly 
ascribe xenocrystic zircon to whether Sibumasu-Indochina 
or Indochina-South China amalgamation. Nevertheless, from 
compiled age data throughout eastern Thailand and southern 
Cambodia (Fig. 12b), an explicit continuity of Early Mezo-
coic magmatic belts, as well as another episode of Late 
Paleozoic (i.e., Carboniferous) volcanism can be observed 
within the Loei Fold Belt which extends southward into 
southeastern Cambodia and southernmost Vietnam. The 
spatial distribution of this magmatism further supports the 
correlations between xenocrystic zircon dates of the studied 
volcanic rocks and magmatism associated with the conver-
gent tectonics and later Indosinian orogeny along the western 
margin of Indochina.

Fig. 12  a Kernel density estimate (KDE) plots of zircon 206Pb/238U 
dates from this study and compiled dates of representative plutonic 
rocks in the study area and vicinity (Nguyen et  al. 2004; Shellnutt 
et  al. 2013; Fanka et  al. 2018; Nong et  al. 2021); b Schematic map 

summarizing the distribution of representative Late Paleozoic and 
Mesozoic volcanic-plutonic assemblages in southern Vietnam and 
adjacent areas
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Volcanic‑plutonic connection and correlation 
of Late Mesozoic volcanism with the regional 
framework of the Paleo‑Pacific subduction

Pyroxene, amphibole, and whole-rock compositions (trace 
and rare earth elements) of volcanic rocks in southern Viet-
nam are similar to those of the plutonic rocks of equivalent 
silica concentration in the study area (Figs. 6a and c and 7). 
Similar trace element patterns of volcanic and plutonic rocks 
have been found in a previous study of global arc magmas 
and might indicate that both rock groups derive from the 
same magma (Glazner et al. 2015). Additionally, the elevated 
potassium content of both plutonic and related volcanic 
rocks from the Bay Nui area may indicate that they were 
both derived from an alkali-rich primitive arc melt that expe-
rienced similar differentiation paths before emplacement/
eruption. Compared with igneous rocks from the Bay Nui 
area, the Dalat plutonic and volcanic rocks are only moder-
ately alkaline, which may indicate a common parental calc-
alkaline melt. The connection between volcanics and pluton-
ics in the Dalat zone is further supported by isotopic ratios 
of plutonics (initial 143Nd/144Nd = 0.5124–0.5126, εNd = 
-3.3 - +0.9, initial 87Sr/86Sr = 0.7049–0.7069, Nguyen 2003) 
that well overlap with those of volcanic rocks (Bao 2000; Tri 
and Khuc 2009). The similarities in chemical composition 
and crystallization ages (ca. 100 Ma) between volcanic and 
plutonic rocks in southern Vietnam suggest that they both 
formed during the Late Mesozoic Paleo-Pacific subduction.

To the north of Indochina, Late Mesozoic magmatism 
related to the Paleo-Pacific subduction has been studied 
in southeastern South China. Magmatic rocks character-
ized by calc-alkaline arc-like affinity are found to spatially 
coexist with A-type granites, shoshonite zones and minor 
Late Cretaceous basalts of a back-arc basin environment 
(Zhou et al. 2006). Together, they constitute an assem-
blage characteristic for an active continental arc system 
and a transitional phase to an extensional setting during 
the Jurassic-Cretaceous time. In terms of geochemical 
and geochronological characteristics, the studied volcanic 
rocks in southern Vietnam with arc-like affinity can be 
well correlated with widespread typical Late Mesozoic 
magmatism in southeastern South China that took place 
during the late stage of the Paleo-Pacific subduction (Late 
Yashanian Orogeny).

To the south of Indochina, Paleo-Pacific subduction-
related magmatism has also been reported in Borneo Island 
(not shown on the map) and formed a large igneous province 
(Breitfeld et al. 2020). In that area, episodic Triassic-Late 
Cretaceous plutonics formed in alternate arc-like and exten-
sional environments. During the Cretaceous, magmatism in 
Borneo Island has also been found to be multi-phased with 
four clusters of zircon dates: ca. 130 Ma, 115 Ma, 100 Ma, 
and 90 Ma interpreted as subduction-related magmatism and 

ca. 80 Ma and 70 Ma representative of extension-related 
magmatism.

Within the tectonic framework of the eastern margin of 
Asia (from southeast China to Borneo), volcanics in Viet-
nam are presumably temporally correlated with the tran-
sition from a late stage of Paleo-Pacific subduction to an 
extensional environment (Shellnutt et al. 2013; Nong et al. 
2021). Primitive arc-related melts formed in this subduc-
tion setting underwent fractional crystallization and crustal 
contamination during crustal ascent and either erupted at 
the surface as volcanics or, more commonly, were emplaced 
as plutonic rocks in the upper crust as the Dinhquan or Bay 
Nui-Ba Den suites (Nguyen et al. 2004; Shellnutt et al. 2013; 
Nong et al. 2021).

Conclusions

Late Mesozoic volcanic rocks in southern Vietnam display 
a wide range in chemical compositions and lithological 
appearances. Major elements of mineral and whole-rock 
compositions clearly indicate a calc-alkaline affinity, and 
enrichment in LILEs and depletion in HFSEs resemble sig-
natures of arc magmas.

The dominant fractional crystallization and an additional 
contribution of crustal material to the andesitic melts con-
trolled the chemical composition of the studied volcanic 
rocks. Volcanic rocks in the Bay Nui area are likely more 
evolved or assimilated more crustal material compared to 
similar rocks in the Dalat zone. Volcanic rocks and plutonic 
rocks in southern Vietnam might derive from the same 
source based on the observed similarities in chemical com-
positions and the coincidence of ages.

The eruption ages of volcanic rocks obtained from the 
youngest zircon population are consistent with Paleo-
Pacific subduction at ~ 100 Ma (Late Yanshanian orogenic 
event). Earlier magmatic events in this region (~ 350 Ma and 
~ 250 Ma) are revealed by zircon xenocrysts and are prob-
ably linked to Paleo-Tethys subduction along the western 
margin of Indochina and to the Indosinian orogeny.
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