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ABSTRACT

Pliocene to Pleistocene monogenic basalt volcanism in North Central Vietnam is typical of the East and
Southeast Asian' diffuse igneous province'. Exposed at Khe Sanh (4.5 Ma), Gio Linh (1.5—1.3 Ma), and Con Co
Island (0.35 Ma) the Miocene activity marks the southeastern tip of the Red River Shear Zone (RRSZ) and appears to
relate to the rifting of the Hue Sub-basin, triggered by the Song Ca-Rao Nay Fault system (SCRNFS). Petrological
analysis of primitive samples suggests that their formation occurred via decompression melting of spinel peridotite
mantle at temperatures of 1350—-1400°C and pressures of 15-29 kbar. The basalts display oceanic island basalt (OIB)-
type geochemical signatures, characterized by enrichment in radiogenic isotopes of Sr, Nd, Pb, and Hf. They are
relatively high in TiO, and K,O, and incompatible element concentrations. These suggest a fertile, spinel-peridotite
source, influenced by in sifu metasomatism and/or the presence of recycled subducted oceanic sediment melt. Given
the lack of evidence for mantle plume activity beneath the region, we propose that North Central Vietnamese
monogenic volcanism reflects decompression melting of a hotter-than-average (Tp = 1400°C) mantle, triggered by
lithospheric stretching (greater than 1.5) within the Red River and Hue Sub-basins. In the context of previous
regional studies of east/southeast Asian Cenozoic volcanism, Dupal-like mantle affinity is ascribed to eastward
asthenospheric flow from the Neo-Tethyan mantle following its closure due to the India-Eurasia collision in the

Tertiary.

Keywords: North Central Vietnam, monogenic volcanism, enriched mantle, lithosphere stretching, mantle
heterogeneity.
1. Introduction tectonic plates: the Eurasian, Indian,

Philippine, and Pacific plates. This complex
junction has undergone significant tectonic
evolution since the early Cenozoic, primarily
driven by the Indo-Eurasian collision that
*Corresponding author, Email: nghoang@ies.vast.vn began approximately 55 million years ago.

The Southeast Asia-East Vietnam Sea
region lies at the convergence of four major
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This collision initiated a large-scale
deformation system extending southeastward,
resulting in the formation of continental-scale
shear zones, intraplate extensional regimes,
and post-collisional basins, including the Gulf
of Tonkin and the East Vietnam Sea (EVS)
(Tapponnier et al., 1982; 1990).

A central feature of this tectonic network is
the RRSZ, a prominent NW-SE trending left-
lateral strike-slip fault separating the
Indochina and South China blocks. Together
with the Song Hong (Red River) Basin
(RRB), the RRSZ has played a pivotal role in
shaping the regional geodynamic framework.
During the Oligocene to Middle Miocene, the
RRSZ underwent significant left-lateral
displacement, estimated at 500-700 km,
which coincided with the rifting and opening

of the EVS (Tapponnier et al., 1990; Fyhn
et al., 2020). This tectonic regime influenced
both sedimentation patterns and structural
evolution in the RRB.

Post-Miocene geodynamic activity in
Vietnam's North Central region is marked by
widespread intraplate volcanism. Pliocene-
Holocene basaltic fields, primarily composed
of subalkaline olivine-bearing basalts, are
distributed along reactivated NW-SE and NE-
SW trending fault zones (Rangin et al., 1995;
Richard et al., 2024). These basalts typically
form monogenic volcanic cones, often
emplaced over older Miocene basaltic layers,
indicating  episodic  volcanic  activity
interspersed with quiescent intervals (Hoang
and Flower, 1998; Hoang et al., 2021; 2025)

(Fig. 1).
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Figure 1. Scheme of regional structural map, showing major fault systems and the distribution of
Mid Miocene-Holocene volcanics in Vietnam (left). The blow-up (right) illustrates the distribution of
North Central Vietnam's monogenic volcanic fields, shown relative to the Hue-sub basin within
The Red River Basin (simplified after Phan et al., 2012; Phung et al., 2023; Bui et al., 2023)

One of the most distinctive volcanic
features is Con Co Island - a 2.3 km? cone-
shaped island at the southeastern end of the
RRSZ and within the Hue Sub-basin (HSB), a
smaller structural unit along the western
margin of the RRB. The HSB is believed to
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have formed due to the activity of the
SCRNEFS since the mid-Miocene. This fault
system remains active and runs nearly parallel
to other major fault systems in the north,
including the RRSZ (Phung et al., 2023; Bui
et al., 2023) (Fig. 1). Ar/Ar dating indicates
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that the island formed around 0.35 + 0.04 Ma
(Lee et al., 1998). Geophysical studies have
identified two distinct magmatic phases in this
area: an early phase characterized by
widespread lava flows and a later phase
marked by localized cone-building activity
under low-stress conditions (Tran et al., 2017;
Phung et al., 2023).

Other notable basaltic fields include
the Vinh Moc and Gio Linh volcanic areas
along the coastal plain, and the Khe Sanh field
further inland. The Vinh Moc and Gio Linh
basalts vary in age from 1.5 to 1.0 million
years (Ma), with new observations suggesting
younger eruptive events (Cung et al., 1998; Lee
et al., 1998; Hoang, 2023). The Khe Sanh field,
dated to ~4.5 Ma, represents one of the earliest
post-rift magmatic expressions inland (Fig. 1).

Overall, the monogenic volcanism in
North Central Vietnam is characteristic of the
diffuse igneous province spanning East and
Southeast Asia (Tu et al., 1992; Hoang and
Flower, 1998). Studies of Cenozoic basaltic
volcanism across these areas indicate that the
Indian Ocean mantle influenced the lead
anomalies in their magmas, termed the
DUPAL anomaly (Hart, 1984, 1988). The
lead anomaly in East and Southeast Asia has
been linked to west-directed asthenospheric
flow and associated low-velocity zones that
developed following the closure of the Neo-
Tethyan Ocean due to the India-Eurasia
collision (Tapponnier et al., 1982; Flower et
al., 1998). This process likely played a critical
role in generating thermally anomalous
mantle domains beneath Indochina and the
East Vietnam Sea (Zhang and Tanimoto,
1993; Zhu and Liu, 2025). These zones of
elevated mantle temperature may have
promoted partial melting, contributing to
major regional tectonic events, including the
opening of the EVS and the eastward rollback
of the Pacific subduction system (Flower et
al., 1998; Jolivet et al., 2018).

In addition to a generally hotter-than-
average Asian mantle, other heat sources
potentially contributing to mantle melting

include: (1) a deep-seated, large-scale mantle
plume (Yan et al.,, 2018; Hong-Anh et al.,
2018); and (2) smaller-scale mantle
upwellings or diapirs. Although current
evidence does not support the presence of a
primary deep-rooted heat source directly
under North Central Vietnam, alternative
melting mechanisms should be considered. In
particular, decompression melting related to
lithospheric stretching (Latin and White,
1990), in combination with the anomalously
warm regional mantle (Hoang and Flower,
1998; Le et al., 2017; Yu et al., 2017; Zhu and
Liu, 2025), likely played a crucial role in
generating the observed volcanism.

This study investigates the origin and
evolution of these intraplate volcanic systems
by analyzing basaltic samples from Con Co
Island, Vinh Moc, Gio Linh, and Khe Sanh.
Petrographic, elemental, and isotopic data are
used to infer mantle source properties, melting
processes, and the role of lithospheric
structures in magma generation.

2. Petrography, Sample preparation and
Analytical procedures

2.1. Petrography

Basalt thin sections were prepared from
fresh chunks for microscopic analysis. Basalts
from Con Co Island are phyric subalkaline
with subhedral to anhedral olivine being the
only phenocryst. Plagioclase is a prism and
needle-shaped mineral of various sizes. The
groundmass consists of volcanic glass,
plagioclase microlites, and Fe-Ti oxides.
Basalts from Vinh Moc, a coastal area of Vinh
Linh commune, are coarse-grained olivine and
plagioclase-bearing phyric subalkaline to
alkaline basalt, with intersertal texture on a
needle-shaped plagioclase and rounded
olivine microlite groundmass. The 4.5 Ma
alkaline basalt from Khe Sanh is euhedral
olivine phyric, set in a glass, plagioclase, and
Fe-Ti oxide groundmass. Gio Linh
subalkaline basalts are olivine-plagioclase
phyric. The olivines are subhedral, partially
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altered to chlorite and epidote; the
plagioclases are elongated prisms or tabular;
otherwise, fresh. The phenocrysts form
clusters (aggregates) on volcanic glass,
microlite, and amorphous groundmasses.

2.2. Sample preparation and Analytical
procedures

The sample preparation for petrographic,
geochemical, and isotopic analysis, including
sample treatment to account for the effects of
seawater interaction and secondary alteration,
as well as loss-on-ignition, is described in
Hoang et al. (2024; 2025) and is briefly
outlined in the attached Supplementary files.

A set of samples from Gio Linh and the
surrounding area was analyzed for K-Ar
dating at the Far East Geological Institute
(Vladivostok), using the procedure of Ignat'ev
et al. (2010). The trace and minor element
concentrations were acquired from a Neptune
Elemental Q-ICP-MS at the University of the
Ryukyus. Samples were analyzed three times;
the values were averaged to calculate the
standard deviations (+10).

The procedures for isotopic analysis are
also described in Hoang et al. (2024, 2025);
however, additional information is provided
here.

A set of samples from Con Co Island and
the Vinh Moc coastal area was acid-leached to
eliminate possible seawater effects before the
chemical chromatography. The strontium,
neodymium, and lead isotopic data performed
on unleached samples are usually different
from those of leached and heated (baked)
samples. The Sr and Pb are generally higher,
and the Nd isotopic data are relatively lower
compared with those of the leached and
heated samples. The latter data are relatively
similar and show good repeatability, accuracy,
and standard deviation. Additionally, isotopic
data acquired from the heated samples from a
Neptune and a NU Plasma 3 MC-ICP-MS are
almost identical. Therefore, this study reports
only data acquired from heated samples.
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The major, minor, and trace elements, as
well as the isotopic compositions, along with
age data, of North Central Vietnam's basalts
are provided in the Supplementary files.

3. Analytical results
3.1. Major and minor element diagrams

Chemical data for the basalts from
Vietnam's North Central region include
samples from Con Co Island (0.36 Ma), Gio
Linh (including Vinh Moc, Gio Linh, and
Dong Ha: 0.56, 1.3, and 1.32 Ma), and Khe
Sanh (4.5 Ma) (Fig. 1). Khe Sanh basalts are
relatively low in SiO: concentrations (between
46 and 47 wt.%) and relatively high in Na.O +
K20 = 4.2-52 wt%, placing them in the
alkaline basalt field (Fig. 2). In contrast, Con
Co Island basalts show higher SiO. (50.3—
52.3 wt.%) and high total alkaline oxides
(44-52 wt.%), plotting within the
subalkaline/tholeiitic basalt field (Fig. 2).
Gio Linh basalts exhibit a narrow SiO: range
(~51 wt.%) and total alkalis of 4.5-5.5 wt.%,
straddling the boundary between the
subalkaline and alkaline fields.
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Figure 2. Plots of SiO, vs. Na,O + K,0 (TAS)
(after Le Bas et al., 1986) showing Vietnam's
North Central basalts are mostly alkaline with a
minor amount of sub-alkaline rock type. Data for
the fields of Pleistocene-Holocene PQI, LSI, and
IDC (Ile des Cendres) submarine volcanoes (IDC)
are from Le et al. (2017), Hoang et al. (2021,
2025)
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Figure 3. The correlation between (wt.%) MgO and SiO; (a), TiO, (b), Fe,O5T (c), K,O (d), Ni (ppm) (e),
and CaO/Al,0; (f) is shown relative to Southeastern monogenic volcanoes at Phu Quy, Ly Son, and Ile
des Cendres submarine. The data sources are as in Fig. 2. Arrows indicate evolving directions following

mineral fractionation. The explanations are given in the text

MgO contents vary among the regions.
Con Co Island basalts have the lowest MgO
(~5.7 wt.%), whereas Gio Linh basalts range
from 5.8 to 8.2 wt.%, and Khe Sanh basalts
reach the highest MgO values (~8.5 wt.%).
The latter also displays the lowest SiOa,
reinforcing their compositional distinction. A
strong inverse correlation between SiO: and
MgO (Fig. 3a) suggests significant olivine
fractionation across the suite.

Khe Sanh basalts also contain the highest
TiO: (up to 2.7 wt.%), although other basalts

in the region show moderately high TiO-
values (1.8-2.4 wt.%). Only Gio Linh basalts
show a clear negative correlation between
MgO and TiO., suggesting olivine
fractionation. In contrast, the others exhibit no
significant trend (Fig. 3b). The total iron, as
Fe20s(t), is relatively high across the region
(10.5-12 wt.%), with no correlation to MgO
(Fig. 3c). K2O concentrations are generally
high (1-2 wt.%) and display scattered trends

relative to MgO (Fig. 3d).
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A generally linear correlation between Ni
contents (ppm) and MgO further supports the
fractionation of olivine and clinopyroxene in
magma evolution (Fig. 3e). MgO versus
CaO/ALOs plots, however, show distinct
groupings within individual areas but appear
scattered across regions, implying
heterogeneous mantle sources or melting
conditions (Fig. 3f).

For comparison, fields representing
Pleistocene basalts from Phu Quy (PQI) and
Ly Son (LSI) volcanic islands, as well as Ile
des Cendres (IDC) submarine volcanoes in
South Central and Southeastern offshore
Vietnam, are shown (e.g., Le et al., 2017;
Hoang et al., 2021, 2025). Most Gio Linh
basalts fall outside these reference fields,
although a few overlap with those of LSI and
PQI (Figs. 2, 3a—f).

3.2. Trace element diagrams

The chondrite-normalized rare earth
element (REE) configuration displays typical
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ocean island basalt (OIB)-like trends, with
enriched light REEs (LREEs) smoothly
decreasing toward heavy REEs (HREEs)
(Fig. 4a). The La/Yb ratios for most samples
range from 12 to 17, consistent with Miocene-
Pleistocene subalkaline basalts elsewhere in
Vietnam. An exception is the Khe Sanh
alkaline basalt, which has a significantly
elevated La/Yb ratio of 26.76. This is notably
higher than the North Arch mantle plume-
related basalts (~19.5; Frey et al., 2000) but
comparable to average alkaline basalts from
the Vietnam Western Highlands (~24; Hoang
etal., 2019).

Trace element patterns normalized to
primitive mantle also exhibit OIB-like
signatures, with general enrichment of
incompatible elements (Fig. 4b). Minor
anomalies are observed in the high-La/Yb
Khe Sanh sample, including relatively high
Nb, Ta, and Sr, and low U and Th, possibly
reflecting source heterogeneity or secondary
alteration effects.

(b)
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Figure 4. Chondrite rare earth element normalization patterns (a) and primitive mantle trace element
normalized configuration (b) of the North Central recent basalts. Normalizing data is after McDonough
and Sun (1995). The gentle decrease from light rare earth (LREE) to heavy REE character suggests an

OIB-type
33. Srv, Nd, Hf, and Pb isotope 0.7046-0.7050 (Con Co and Gio Linh),
characteristics accompanied by corresponding Nd/'*Nd

3.3.1. The correlation between *Sr/°Sr and
13NN

The ¥ Sr/*Sr values of the studied basalts
range between 0.7040 (Khe Sanh) and
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values expressed as eNd from 3.8 (Khe Sanh)
to 0.9-2.2 (Con Co and Gio Linh). These data
plot within the depleted mantle quadrant
(Fig. 5). Con Co and Gio Linh basalts, with

higher *Sr/*Sr and lower &Nd, overlap



Vietnam Journal of Earth Sciences, 47(3), 355-375

isotopically with the relatively enriched fields
of the PQI and IDC in Vietnam's South
Central offshore region, while remaining
isotopically distinct from the more enriched
LSI basalts (Le et al.,, 2017; Hoang et al.,
2021; 2025). Meanwhile, the Khe Sanh
Pliocene alkaline basalts plot firmly within the
depleted OIB-like field. These isotopic
variations highlight the spatial and temporal
heterogeneity of Sr and Nd isotopic
compositions in the North Central volcanic
rocks of Vietnam (Fig. 5).
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Figure 5. Plots of 87S1/3Sr vs. gyq for the North
Central Vietnam basalts, plotted relative to major
mantle isotope components, such as DM: depleted
mantle; EM1 and EM2: enriched mantle type 1 and 2;
CC: continental crust. Data sources for PQI, LSI, and
IDC are as in Fig. 2. See the explanation in the text
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3.1.2. The correlation between *’°Pb/"™Pb and
7P Y Pb and *" Pb/ " Pb isotopic ratios

The lead isotope compositions of Khe Sanh,
Con Co, and Gio Linh basalts are relatively
radiogenic. For instance, 2*Pb/?**Pb values vary
between 18.7 and 18.8, *"Pb/**Pb range from
15.60 to 15.73, while ***Pb/**Pb values vary
between 38.9 and 39.65. Khe Sanh samples
exhibit the lowest Pb isotopic ratios, while Con
Co Island basalts have the highest (Figs. 6a-b).
Despite Con Co and Gio Linh samples
overlapping with the PQI and IDC fields in
Sr-Nd isotope space, their Pb isotopes more
closely resemble those of LSI, trending toward
a continental crust (CC) or enriched mantle type
2 (EM2) signature. In contrast, basalts from
PQI and IDC plot above the Northern
Hemisphere Reference Line (NHRL) and the
Pacific MORB (P-MORB) (White et al., 1987),
aligning more with Indian (I-) MORB fields
characterized by lower **Pb/*™Pb relatively
higher *’Pb/?*Pb and 2%Pb/**Pb (Holm, 2002;
Mahoney et al., 2002).

In summary, North Central and Ly Son
basalts trend toward CC or EM2 sources,
whereas basalts from the southeastern

offshore regions show greater affinity with
EM1-like sources (Figs. 6a-b).
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Figure 6. Plots of **Pb/*"Pb vs. *’Pb/***Pb (a) and ***Pb/***Pb (b) for the North Central Vietnam basalts.
Data sources for Indian Mid-Ocean Ridge basalt (I-MORB) are from Holm (2002) and Mahoney et al.
(2002); data for Pacific MORB are from White et al. (1987). NHRL: Northern Hemisphere Reference

Line is after Hart (1988). Other data sources are as in Fig. 2. See the explanation in the text
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3.1.3. 29Pb/?%*Pb vs. ¥Sr/%Sr diagram

When plotted together with monogenetic
volcanoes in South Central and Southeastern
offshore Vietnam (e.g., LSI, PQI, and IDC),
the North Central basalts form a distinct
isotopic field (Fig. 7). They display varying
87Sr/%Sr and 2°°Pb/?*Pb values and do not
overlap with any of the offshore volcanic
fields. This distribution indicates that both the
North Central and monogenetic basalts were
influenced by at least three isotopic
endmembers: a depleted mantle (DM), EMI,
and EM2, consistent with the mantle
component model proposed by Hoang et al.
(2025).
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Figure 7. Plots of *’Sr/*Sr vs. ***Pb/***Pb for the
North Central Vietnam basalts show that each of
the volcanic centers is distributed separately. Data
sources for reference fields are as in Figs. 5 and 6

3.1.4. exavs. egp

The eNd versus e¢Hf diagram includes
isotopic data from North Central Vietnam
basalts, along with reference fields from
South Central Vietnam (Richard et al., 2024),
the southeastern RRSZ (Hoang et al., 2024),
and the EVS (Fig. 8). These data plot along
the terrestrial array and are referenced against
major mantle reservoirs, including depleted
mantle (DM), enriched mantle (EM), OIB,
and MORB sources (e.g., Jones et al., 2019).
North Central basalts exhibit eNd and eHf
values slightly more radiogenic than CHUR
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(chondritic uniform reservoir), yet more
enriched than those of the South Central,
EVS-MORB, and SE RRSZ basalts. They
trend toward the EM field, reflecting a
significant contribution from enriched mantle
components (Fig. 8).
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Figure 8. Plots of "®Hf/'""Hf versus '*Nd/'*Nd
(expressed as eyr versus eygq) for the North Central
Vietnam basalt relative to the main mantle isotopic
components and chondrite uniform reservoir
(CHUR) (modified from Jones et al., 2019). The
data field for the East Vietnam Sea (EVS-MORB)
is from Hoang et al. (2025), South Central
Vietnam is from Richard et al. (2024), and the
Southeastern Red River Shear Zone (RRSZ) is
from Hoang et al. (2024)

4. Discussions

4.1. Crustal contamination: evidence and

evaluation

The North Central Vietnam basalts exhibit
relatively high strontium and lead isotopic
ratios, alongside low neodymium isotopic
values. At first glance, this isotopic signature
may suggest crustal contamination, as such
patterns are typically associated with the
incorporation of continental material. Crustal
contamination often results in elevated
concentrations of highly incompatible
elements, including Ba, Sr, and Th, and a
depletion in (for example) Zr, Nb, and Ta.
Consequently, contaminated magmas
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typically display elevated Ba/Zr, Ba/Nb, or
Th/Nb ratios, which show a positive
correlation with Sr and Pb and a negative
correlation with Nd isotopic ratios (Tatsumi,
1989; McLennan, 2001).

However, the geochemical patterns in the
North Central basalts do not support this
hypothesis. The *'Sr/**Sr ratios show no
consistent correlation with Th/Nb (Fig. 9a).
Instead, basalts from different volcanic fields
occupy  distinct  compositional  fields,
suggesting geochemical isolation and limited
interaction with crustal materials (Rudnick
and Fountain, 1995).

Moreover, a positive correlation between
Th and Nb is observed, with Th/Nb values
ranging between 0.09 and 0.13 comparable
with the primitive mantle at 0.12 (Hofmann,
1988), but are much lower than the Upper
Continental Crust (UCC) with the average
Th/Nb ratio 3.75 (Taylor and McLennan,
1981) (Fig. 9b). Additional evidence is
provided by the correlation diagram between
Ce/Pb and Ce (Fig. 10), where North Central
basalts plot within the mantle-derived field
and above the subduction-related and upper
continental crust domains (Kimura and
Yoshida, 2006; McLennan, 2001).
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Central Vietnam basalts is vastly vertical, suggesting a minor crustal effect. The basalts' average Th/Nb
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the North Central Vietnam basalts are plotted
relative to several prominent geochemical
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McDonough and Sun, 1995), Indian MORB (Neal
et al., 2002), EVS-MORB, Pacific MORB
(Regelous et al., 1999), NE Japan Arc (Kimura and
Yoshida, 2006), Upper crust (Rudnick and
Fountain, 1995). Data sources for PQI, LSI,
and IDC are given in Fig. 2. See the detailed
explanation in the text

Since Th is enriched in crustal and hydrous
fluid-related environments, and Nb is believed
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to be retained in residual phases and depleted
in crustal material, their equally high
concentrations in these basalts suggest a
mantle origin. The comparable enrichment of
both Th and Nb is more conforming to partial
melting of a heterogeneous mantle source than
to crustal assimilation (Gill, 1981; Tatsumi,
1989; McLennan, 2001).

In summary, the elemental ratios and
highly enriched isotopic characteristics
indicate that the North Central Vietnam
basalts were derived from the mantle and
remained largely unaffected by crustal
contamination during their ascent.

4.2. Melting depths of the North Central
Vietnam basalts

Understanding the conditions under which
the North Central Vietnam basalts were
generated requires estimating the pressure and
temperature of partial melting, which relies on
reconstructing the composition of the primary
melts. These melts have typically experienced
varying degrees of fractional crystallization
before eruption, as indicated by phenocrysts
beyond olivine.

Most samples in this study have MgO
contents (wt.%) varying from 5.5 to 7.0,
except for two Khe Sanh samples that exceed
8.0 wt.%. Corresponding Mg# values range
from 51 to 62.5, which are consistent with
equilibrium  crystallization  of  olivine
forsterites with Fo78-Fo84.8, based on an
Fe/Mg partition coefficient between olivine
and liquid at 0.30 (e.g., Roeder and Emslie,
1970). EPMA analysis on olivine phenocrysts
in North Central Vietnam's basalts reveals
core compositions of Fo78-Fo82 and rim
compositions down to Fo55-Fo70 (Nguyen
Hoang, unpublished), suggesting progressive
olivine and clinopyroxene (%plagioclase)
fractionation. Assuming a mantle olivine
composition up to Fo90, the forsteritic
compositions indicate moderate to extensive
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olivine fractionation (Yamashita and Tatsumi,
1994; Putirka, 2008).

Two different approaches were applied to
reconstruct the primary melt compositions, for
samples with MgO > 8 wt.% and whole-
rock/olivine equilibrium Fe/Mg partition
coefficients < 0.30 £ 0.03, the Putirka (2008)
method was used. In this method, equilibrium
olivine was added to the melt until the melt's
MgO concentration increased to 13—16 wt.%
and forsterite content peaked at Fo89-F090.
For evolved samples, with MgO lower than 8
wt.%, and whole-rock and clinopyroxene
phenocrysts exhibiting equilibrium
distribution coefficients greater than 0.27 =+
0.03, the Danyushevsky and Plechov (2011)
method was applied. This method involved
adjusting the proportions of olivine and
clinopyroxene until the melt reached ~8 wt.%
MgO, followed by further correction after
Putirka  (2008). The computed
compositions are summarized (Supplementary
files) and explained in Figures 11, 12, and 14.

The FeO and SiO, compositions of the
calculated primitive melts were then applied
to infer melting temperatures and pressures,
respectively (Table 2 in Supplementary files).
Subalkaline basalts from Con Co and Gio
Linh fall within the 15 kbar melting range,
based on HK66 melting experiments (e.g.,
Hirose and Kushiro, 1993). Whereas an older
Khe Sanh alkaline basalt (4.5 Ma) exhibits a
melting pressure of 29 kb, indicating deeper
melting. Regardless of the difference in the
melting pressures, their range of melting
temperatures is narrow, just from 1360 to
1400°C (Fig. 1la-b). Overall, the inferred
melting depths for North Central Vietnam
basalts are shallower than those estimated for
monogenic volcanic centers in South Central
and Southeastern offshore Vietnam (Hoang et
al., 2025).

melt
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Figure 12. Correlation between SiO, (wt.%) and
CaO/Al,0; of computed primitive melts for the
North Central Vietnam basalts is seen relative to
compositional fields of experimental melting
peridotite sources: (1) spinel peridotite (Gaetani
and Grove, 1998), (2) spinel peridotite (Hirose and
Kushiro, 1993), (3) garnet peridotite (Kushiro,
1998), and (4) garnet peridotite (Herzberg and
Zhang, 1996; Tenner et al., 2012). Redrawn with
modification from Liu et al. (2014). Also plotted
are fields of PQI and LSI, as well as IDC
computed primitive melts, for comparison. A
detailed explanation is given in the text.

Generally, the computed primitive melts
and supporting xenolith data indicate that the
North Central Vietnam basalts were generated
at relatively lower temperature and pressure
conditions in the upper mantle, primarily in
the presence of spinel peridotite.

4.3. Enrichment of the mantle source

The characteristics of rare earth and trace
elements were analyzed and interpreted to
examine the level of source enrichment in the
mantle of North Central Vietnam. Davidson et
al. (2013) proposed using the Dy/Dy* ratio to
evaluate REE curve profiles, offering a means
to differentiate magmatic evolution and
source variations. Their study revealed that
LREE-depleted arc magmas, such as those
from the Tonga-Kermadec region, have higher
Dy/Dy* wvalues and concave-down REE
patterns. In contrast, LREE-enriched magmas
(e.g., Philippines, Indonesia) display lower
Dy/Dy* and concave-up patterns. Within
single volcanic systems, a decrease in Dy/Dy*
and Dy/Yb often results from amphibole
fractionation. Importantly, MORB, OIB, and
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arc data collectively point to variably enriched
MORB-like mantle sources, with high Dy/Yb
values in OIB suggesting a role for garnet-
bearing lithologies in their genesis.

In Fig. 13, most North Central Vietnam
basalts plot to the left of the OIB field,
overlapping with Ly Son Island basalts,
implying  similar  mantle  enrichment
characteristics. However, one older Khe Sanh
sample (4.5 Ma) and a Gio Linh sample
(1.3 Ma) exhibit higher Dy/Yb values than the
others and plot separately, suggesting a
substantial garnet influence, comparable to
that of PQI and IDC submarine basalts. These
outliers may reflect melts derived from greater
depths or garnet-bearing mantle sources.
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Figure 13. Plots of Dy/Dy* vs. Dy/Yb (e.g.,
Davidson et al., 2013) showing directions of light
rare earth element enrichment (OIB) and depletion
(MORB) relative to their mantle-derived sources.
North Central Vietnam basalts plot in the OIB
field with various degrees of garnet-bearing
influences

High P-T petrologic experiments by Hirose
and Kushiro (1993) show that melting
relatively fertile peridotites (HK-66 and
KLB-1) under a wide range of conditions
typically contain TiO: less than 1.6 wt.% and
KoO less than 1.1 wt.%. However,
experiments performed by Hirschmann et al.
(2003) demonstrated that melts of mantle
garnet pyroxenite can produce significantly
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higher TiO: contents, up to 2.5 wt.% at 25 kb
and 1455°C. Computed primitive melt
compositions for the North Central and
Southeastern offshore monogenic basalts (Le
et al.,, 2017; Hoang et al., 2024; 2025; this
study) consistently show higher TiO: and K-O
than expected from peridotite melting alone

(Fig. 14). This suggests an additional
contribution from an enriched, non-peridotitic
component.
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Figure 14. Plots of K,0 vs. TiO, contents for
North Central basalts' computed primitive melts
compared to experimentally peridotite melts (e.g.,
Hirose and Kushiro, 1993; Kushiro, 1996; 1998)
and actual erupted basalts (red dashed line). The
field of computed primitive melts of Ly Son, Phu
Quy, and Ile des Cendres basalts is shown for
reference (data from Hoang et al., 2021; 2025)

Prytulak and Elliott (2007) similarly
argued that peridotite melting alone cannot
explain high-Ti OIB compositions. Instead,
they  proposed  minor  contributions.
1-10% the melting of the recycled oceanic
crust can reconcile the observed isotopic and
trace element signatures. Such enriched melts
likely form at greater depths than ambient
peridotite, especially beneath  thick
lithosphere. However, the recycled crust alone
may not fully account for the isotopic
diversity in intraplate basalts; additional
components, such as subducted sediments or
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metasomatic veins, may also be involved
(McKenzie et al., 2004; Prytulak and Elliott,
2007).

In conclusion, the North Central Vietnam
basalts exhibit radiogenic isotopic signatures,
elevated TiO: and K:O contents, and
enrichments in incompatible and high-field
strength elements. These features and their
inferred melting conditions indicate derivation
from a fertile, enriched spinel peridotite
asthenospheric source, likely modified by
contributions from Ti-rich recycled oceanic
crust or other enriched mantle lithologies.

Prytulak and Elliott (2007) similarly
argued that peridotite melting alone cannot
explain high-Ti OIB compositions. Instead,
they  proposed  minor  contributions.
1-10% of recycled oceanic crust melts can
reconcile the observed isotopic and trace
element signatures. Such enriched melts likely
form at greater depths than ambient peridotite,
especially  beneath  thick  lithosphere.
However, the recycled crust alone may not
fully account for the isotopic diversity in
intraplate basalts; additional components,
such as subducted sediments or metasomatic
veins, may also be involved (McKenzie et al.,
2004; Prytulak and Elliott, 2007).

In conclusion, the North Central Vietnam
basalts exhibit radiogenic isotopic signatures,
elevated TiO. and K:O contents, and
enrichments in incompatible and high-field
strength elements. These features and their
inferred melting conditions indicate derivation
from a fertile, enriched spinel peridotite
asthenospheric source, likely modified by
contributions from Ti-rich recycled oceanic
crust or other enriched mantle lithologies.

4.4. Regional geodynamics

The regional geodynamic evolution of
North Central Vietnam is intimately linked to

lithospheric ~ deformation, fault-controlled
basin development, and deep mantle
dynamics. During the Oligocene-Early

Miocene, the RRB formed as a pull-apart
basin on a thinned, northwest-southeast-
trending  lithosphere.  Stratigraphic  and
structural evidence, such as rift-related
unconformities, symmetric normal faulting,
and a shift from continental to shallow marine
deposition, indicates a phase of pure shear
extension, followed by post-rifting thermal
subsidence (Phan et al., 2012; Bui et al.,
2023).

During the Middle to Late Miocene, a
reorganization of the regional stress field led
to a decline in left-lateral strike-slip motion
along the RRSZ (Phan et al., 2012),
accompanied by the emergence of right-lateral
faulting and tectonic inversion along the
western basin margin (Rangin et al., 1995).

On the RRB's southwestern margin, the
Hue Sub-basin (HSB) evolved in connection
with the SCRNFS, a right-lateral normal fault
that extends offshore. Although the total
offset along the SCRNFS is modest compared
to the RRSZ, localized rifting driven by this
right lateral shearing likely triggered a pull-
apart opening of the HSB in the Late
Oligocene-Middle Miocene (Bui et al., 2023;
Phung et al., 2023).

Nguyen et al. (2018) proposed a regional
gravity model that suggested notable depth
modification in the crust-mantle boundary
(Moho) across the SSB, particularly in the
Quang Tri and Hue areas. Along the
continental margin, the Moho lies at depths of
29-30 km, but it rises sharply to 24-25 km
beneath the coastal areas of Quang Tri and
Hue and continues to shallow towards the
continental shelf, where it reaches depths of
20-22 km. This pattern indicates typical
crustal thinning, characteristic of stretched
continental margins, likely resulting from
rifting-related tectonic activity and/or mantle
upwelling leading to thermal erosion in the
lower crust. These data suggest a coupling
between deep mantle flow and crustal
deformation in North Central Vietnam
(Nguyen et al., 2014, 2018).
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4.5. Melting mechanism for the North
Central magmatism

Geochemical studies of Cenozoic basalts
from Southeast and East Asia show an Indian
Ocean mantle influence characterized by
the DUPAL anomaly (Hart, 1984; 1988),
interpreted as attributed to east-directed
asthenospheric flows from the Neo-Tethyan
mantle following its closure due to the
collision between India and Eurasian plate in
the Tertiary (Flower et al., 1998, 2001). These
mantle dynamics, especially, are essential in
shaping the post-collisional evolution of East
and Southeast Asia. Recently, more
geochemical, geophysical, and structural
models have supported the presence of two
distinct mantle flow regimes with contrasting
depths and directions under the FEurasian
mantle. A deeper mantle current (> 200 km),
flowing from the Indian Ocean toward the
Northeast, likely established the regional
stress field during the early Miocene.
Concurrently, a shallower mantle flow
(~100 km depth) characterized by a high
potential temperature (~1400°C) was likely
driven by vortex-like motions related to
peripheral  subduction and edge-driven
tectonic anomalies (Jolivet et al., 2018).

Zhu and Liu (2025) recently compiled an
extensive dataset of heat flow measurements
across the EVS region. Their study revealed
the terrain is characterized by a high-thermal
regime, with an average surface heat flow of
~75 mW/m? and lithospheric thicknesses
ranging from 60 to 80 km. A thinner
lithosphere is found beneath the central basin,
while a thicker lithosphere underlies the
continental margins. They attributed this
elevated heat flow primarily to mantle
upwelling, consistent with the region's active
rifting and recent volcanic activity (Zhu and
Liu, 2025).

Further insights into the thermal structure
of the region are provided by seismic
tomography. Yu et al. (2017) used S-wave
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velocity-temperature relationships to find that
mantle temperatures beneath Southeast Asian
rift zones are ~200°C higher than those
beneath stable plateaus (e.g.,, Khorat,
Bolaven) and subduction zones. Earlier,
Hoang and Flower (1998) had estimated
mantle Tp beneath Indochina and the
southeastern EVS to be 100-150°C above the
global average (i.e., reaching 1380—-1430°C).
Yu et al. (2017) provided more specific
estimates, suggesting Tp values of
1400-1500°C beneath the western EVS (near
the Paracel Islands) and 1550-1600°C
beneath southeastern Vietnam at depths of
100-120 km. They proposed a regional
geotherm with Tp ~1400°C as appropriate for
the tectonic setting.

As no direct data on lithospheric thickness
in the North Central region is available, we
adopt a proxy value of 80 km based on the
thickest lithosphere along the regional
continental margin (Zhu and Liu, 2025).
Regional average heat flow values are taken
from Nguyen et al. (2014), who reported a
range of 65—75 mW/m? for the RRB. A simple
boundary layer melting model (e.g., Latin and
White, 1990; Anderson, 1995) is employed,
using these assumptions and values from the
literature.

Mayle and Harry (2023) studied models of
rift-related melting, suggesting that mafic
components in the base of the lithosphere and
at the top of the asthenosphere start to melt at
a small extension rate, 0-35% or (extension
factor) B = 1-1.2, but reaching larger melt
production  between 0-65%  extension
(equivalent to B = 1-1.5). They assumed that
if hydrous peridotite is present, it can begin
melting as soon as the onset of extension, with
maximum melting taking place at up to 180%
extension (B = 3). However, like Harry and
Leeman (1995), they suggested this early
melting phase would soon dehydrate the
mantle, shifting the melting regime toward
that of dry peridotite (Mayle and Harry,
2023).
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To explain the recent occurrence of
monogenic volcanism in North Central
Vietnam, we present a model in which the
lithospheric mechanical boundary layer
(MBL) consists of a refractory, isotopically
heterogeneous mantle lying below the crust
(Turner and Hawkesworth, 1995; Anderson,
1995). Beneath the MBL is the thermal
boundary layer (TBL), characterized by
reduced shear-wave and low velocity zones
marking the transition from conductive to
convective heat transfer. It coincides with the
inflection point of the thermal gradient closest
to the peridotite solidus, where melt
generation is most likely, and is inferred to be
enriched and fertile (Hoang and Flower,

typically  isotopically  depleted, unless
modified by recycled subducted lithospheric
sediments introduced via plume activity or
delamination (Prytulak and Elliot, 2007;
Castillo, 2018) and is residual to early crustal
extraction (Hofmann, 1988).

The depth and amount of mantle melting
are mainly controlled by two factors: the
temperature of the mantle (Tp) and the
amount of H>O in the mantle rocks. These
factors determine when the rock starts to melt,
and their effects are shown in Fig. 15. The
figure also includes a temperature profile
(adiabat) of the mantle beneath North Central

Vietnam, compiled using the computed

1998). The underlying asthenosphere is primitive melt compositions.
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Figure 15. An illustration of the asthenosphere-lithosphere boundary shows the fertile peridotite solidus
of HK-66 (Hirose and Kushiro, 1993), stability fields of phlogopite (Modreski and Boetcher, 1973),
The spinel-garnet transition, and an H.O-undersaturated solidus (simplified from Hoang and Flower,

1998). Melt segregation conditions for the computed primitive melt compositions of North Central
Vietnam indicate an asthenospheric potential temperature (Tp) of ~1400°C. The shaded region marks
the P-T field for incipient H.O-saturated melting. At Tp = 1400°C and 3 = 1.0, conductive heat flow is
~75 mW/m?, producing Type 1 lithospheric geotherms. Type 2 adiabatic geotherms form from uniform
stretching at = 3 1.5 to 2, with a heat flow of up to 130 mW/m?, causing melting at depths of
~45-60 km. The data sources for the fields of LSI and IDC are as shown in Fig. 2.

Detailed explanations are provided in the text
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One key process is the breakdown of
phlogopite, which typically occurs at a depth
of approximately 110 km under normal Tp
conditions. However, if the mantle is hotter
than usual, above 1400°C, this breakdown
occurs at shallower depth, typically less than
90 km (McKenzie and Bickle, 1988; Wilson,
1993; Hoang and Flower, 1998). In North
Central Vietnam, the estimated mantle
temperature is approximately 1400°C, which
is hotter than the average beneath most
continents, indicating that the lithospheric
mantle here is relatively thin, at around 80 km
(Yuetal., 2017; Zhu and Liu, 2025).

In regions where the lithosphere is not
being stretched significantly (low [), heat
moves primarily by conduction, forming the
Type-1 geotherm (Fig. 15). This type of
thermal structure has been observed through
mantle xenolith thermobarometry in similar
settings (Ionov et al., 1998). However, if the
lithosphere is stretched to a larger extent (with
thinning of 20 to 40 km), the heat flow
changes, leading to a Type-2 geotherm. This
type typically occurs when the stretching
factor (PB) is between 1.5 and 2, as shown in
the thermal model in Fig. 15 (Latin and
White, 1990; Anderson, 1994; Hoang and
Flower, 1998; Mayle and Harry, 2023).

As shown in Fig. 15, when the lithosphere
stretches, the lithospheric mantle layer
beneath the crust (MBL) becomes a weaker
and more variable layer, known as the
Thermal Boundary Layer (TBL). This
transformation causes the depth at which the
melting starts to become shallower, shifting
the boundary where water is released from
minerals upward. As the stretching continues,
the pressure drops, and some parts of the
mantle begin to melt, particularly in
peridotites that contain both garnet and spinel.
As the melt rises, it may react with
surrounding rocks below the melting point,
which helps explain why the resulting North
Central Vietnam basalt compositions are

370

diverse. Importantly, this model avoids
requiring melting to happen in the strong
MBL, which solves a problem: the melts we
observe seem to form at pressures below
15 kb, but the lithosphere is thicker than 80
km, which should produce higher pressures.

Additional evidence for a hot environment
below the surface includes a shallow crust-
mantle boundary (only 20-22 km) beneath the
North Central continental shelf and very high
heat flow, up to 130 mW/m?, much higher
than the 65—75 mW/m” recorded in the nearby
Red River Basin (Nguyen et al., 2014; 2018,
2022; Pham et al., 2019).

5. Conclusions

(1) Small-scale monogenic subalkaline
and tholeiite basalt volcanism, dating from
Pliocene to Pleistocene, is widespread in
North Central Vietnam, including 0.35 Ma
sub-alkaline/tholeiite at Con Co Island, 1.5 to
1.3 Ma sub-alkaline to alkaline basalt in the
Gio Linh area (including Vinh Moc and Dong
Ha), and 4.5 Ma alkaline basalt from Khe
Sanh. Situated within the southeastern tip of
the Red River Shear Zone, these volcanoes
appear to be linked to pull-apart rifting of the
Hue Sub-basin associated with the Song Ca-
Rao Nay Fault System.

(2) The petrogenetic conditions of
parental magmas were interpolated for
(computed) primitive compositions from
experimental studies, and suggest they
segregated from their mantle source
temperature of 1350 to 1400°C and pressures
of 15 to 29 kb, consistent with decompression
melting of a spinel peridotite source.

(3) The basalts exhibit oceanic island
basalt (OIB)-type geochemistry, characterized
by enrichment in Sr, Nd, Hf, and Pb
radiogenic isotopes, large ion lithophile
elements (LILE), high field strength elements
(HFSE), and ligh rare earth elements,
consistent ~ with  variable = metasomatic
enrichment of a fertile asthenosphere source.
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(4) The North Central Vietnam volcanism
is part of an east and southeast Asian 'diffuse
igneous province' characterized by anomalous,
DUPAL-type mantle. This isotopic anomaly
has been attributed to the assimilation (via
delamination) of ancient EMI1-rich cratonic
lithosphere during east- and southeast-directed
asthenospheric flow induced by the early
Tertiary India-Eurasia collision.

(5) Interestingly, while the geochemical
data provide insights into the mantle source
composition, there is little or no evidence for
upwelling mantle plume activity in the region.
On the other hand, pure-shear stretching,
exemplified by ‘'pull-apart' rifting, is
interpreted as the principal cause of
lithospheric thinning, leading to passive
mantle upwelling and decompression melting.

(6) Assuming a regional lithosphere
thickness of c. 80 km and average heat flow of
75 mW/m? (i.e., a geotherm of c. 4C/100m),
estimated mantle potential temperature (Tp)
of about 1400°C exceeds those associated
with ambient, stable continental lithosphere
(1350°C). Such elevated temperature, coupled
with a lithosphere stretching factor () > 1.5,
is sufficient for decompression melting to
account for the observed extent of regional
monogenic volcanism.
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SUPPLEMENTARY FILES

Sample
procedures

preparation and analytical

Sample preparation

The sample preparation for petrographic,
geochemical, and isotopic analysis was
described in Hoang et al. (2025), but is briefly
given here. Approximately 100 grams of basalt
were crushed into chips. These chips were
hand-picked to remove visible xenoliths or
secondary materials, such as carbonate
minerals.  The  selected chips  were
ultrasonically cleaned in 250 ml Pyrex jars
filled with clean water for about one hour, with
several rinses to ensure thorough cleaning.
They were then boiled in Milli-Q in a clean
oven for at least 24 hours at 110°C, during
which the water was replaced multiple times.

Once thoroughly dried, the samples were
pounded in a clean steel mill to a 1-2 mm
grain size. About 15 grams of each sample
were then finely ground for subsequent
analyses.

Loss on ignition (LOI) was determined
using the following procedure: about 2 grams
of the ground sample were placed in clean
10 ml ceramic crucibles and heated at ~100°C
for 1 hour to remove surface moisture. The
crucibles were then heated to 950°C for 3
hours to drive off post-eruption matters and
volatile components. These treated powders
were later used for trace element and isotope
analyses.

In addition, some samples from Con Co
Island and coastal sites such as Vinh Moc,
which were apparently interacted with
seawater, underwent acid-leaching before
isotope analysis. For leaching, weigh 60 mg
of powdered samples in 15 ml Teflon beakers,
multiple rinse with Millipore water. After
drying at 100°C, the samples were treated
with 5 ml of double distilled 6 M HCI and
warmed on a hotplate at approximately 65°C
for 2 hours. The acid-leaching step eliminated
alteration-induced minerals and any post-

Al

eruption contaminants. The leached samples
were then multiple rinsed Millipore water and
dried for analysis.

Analytical methods

A set of samples from Gio Linh and the
surrounding area were analyzed for K-Ar
dating at the Far East Geological Institute
(Vladivostok), using Ignat'ev et al. (2010)’s
procedure. The newly obtained and previously
published age data are shown in Table 1 (Lee
etal., 1998; Cung et al., 1998).

The major element analysis:

Major element contents were determined
from glass beads by a Rigaku ZSX Primus Il
X-ray fluorescence spectrometer (XRF) at the
University of the Ryukyus, Japan. Calibration
lines were constructed using geological
standards from the Geological Survey of
Japan (GSJ) and the United States Geological
Survey (USGS). Standards BHVO-2 and
JB-1la were repeatedly analyzed for the
analytical accuracy’s verification. The major
element compositions are listed in Table 1.

The trace and minor element analysis:

For trace element analysis, approximately
50 mg of heated sample were placed into 15
ml Teflon bottles, then treated with double
distilled HNOs and HF, with the concentration
of 68% and 48%, respectively, on a hotplate
at 130°C for about 48 hours to secure proper
dissolution. After completely dried, 3 ml of
2 M HNOs were weighed in, and the samples
were left overnight on a hotplate at low
temperature to achieve equilibrium. The
resulting solution were diluted in 10 ml of
0.3M HNO: to reach a dilution factor at 4000
+0.0005 for mass spectrometry.

The trace and minor  element
concentrations were acquired from a Neptune
Elemental Q-ICP-MS at the University of the
Ryukyus. Samples were analyzed three times;
the values were averaged to calculate the
standard deviations (x1c). Standards BHVO-2
and JB-1a were routinely analyzed among the
samples to ensure data repeatability and
validity. Trace element results are presented
in Table 1.
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Table 1. Age data, geochemical and isotope compositions of basalts from North Central Vietnam
No DACC-1 | DACC-2 DA-8 2014f-B 2014f-C DA-22 DA-23 DA-24 DA-25 DA-20 DA-18 DA-17 | 9/85-KS
Location Con Co Con Co Vinh Moc | Vinh Moc Gio Linh Gio Linh | Gio Linh Gio Linh Gio Linh Dong Ha | Dong Ha | Khe Sanh | Khe Sanh
Latitude (N) 17°08'16" | 17°0905" | 17°05'6" 17°4'08" 16°5421" | 16°55'11" | 16°54'50" | 16°56'53" | 17°5656" | 15°46'16" | 16°46'18" | 16°38'04" | 16°380:
Longitude (E) 107°19'50" | 107°740" | 107°04'14" | 107°6'19" | 107°02'40" |107°00'30" | 106™"30" | 107°01'47" | 107°01'18" | 106°55'30" |106°55'40"| 106°46'48" | 106°46'48"
[Age (mill. years) 0.36 +0.08* | 0.36 +0.08* | 1.32 £0.28** [0.56 £0.07°* 1.3 +0.11% [ 1.3 +0.117 | 1.3 0.1 |1.32 0117 | 1.3 *0.111 - - 4.5 +0.22* | 4.5 0.22*
Sio, 50.34 52.27 50.98 51.94 5059 50.81 51.12 50.42 5056 50.85 5058 46.14 47.19
Tio, 2.35 2.26 2.03 2.16 191 1.89 2.13 1.92 1.93 221 2.29 2.81 2,61
[Al,04 15.46 14.78 14.06 15.18 1591 14.21 1514 14.25 14.22 15.16 1519 1371 14.22
[Fe,05 1.68 1.58 1.62 158 1.63 1.64 1.65 171 167 1.60 164 1.82 158
FeO 951 8.97 9.20 8.96 9.21 9.28 9.33 9.68 9.47 9.04 9.28 10.34 8.96
MnO 0.15 0.14 0.13 0.14 0.14 0.14 0.18 0.17 0.14 0.14 0.14 0.17 0.15
MgO 5.73 5.24 7.54 5.67 7.12 7.90 5.82 7.16 8.15 5.95 5.64 8.55 8.39
Ca0 8.69 8.10 7.75 7.87 7.59 7.86 7.18 8.01 7.74 7.80 7.23 9.35 9.2
Na,0 3.37 353 3.64 357 3.84 3.65 3.89 3.37 3.66 3.94 3.91 3.33 3.01
K;0 1.07 1.65 154 177 1.25 128 167 1.10 1.15 181 1.88 1.91 15
P,0s 0.39 0.40 0.40 0.48 0.29 0.35 0.45 031 0.32 051 0.51 0.59 0.53
[Xe]] 0.35 0.26 2.21
Total 98.74 98.92 98.89 99.32 99.74 99.00 9857 98.09 98.99 99.01 98.28 98.72 99.55
Mg# 518 510 59.4 53.0 57.9 603 527 56.9 60.6 54.0 520 59.6 625
K(Fe-Mg) 0.28 0.29 0.21 0.27 0.22 0.20 0.27 0.23 0.20 0.26 0.28 0.20 0.18
[Fo (olivine) 78.2 77.7 83.0 79.0 82.1 835 7838 815 83.7 79.6 783 83.1 84.8
Li (ppm) 30.13 55.26 22.04 252 7.73 27.64 33.39 38.45 4323 15.04 1239 5.41 -
Be 2.48 3.74 3.20 136 1.45 2.46 3.55 361 3.46 2.35 1.85 0.31 -
Sc 3471 4167 35.75 8.22 - 28.97 33.56 46.60 55.34 21.88 15.30 2.09 -
305.30 248.30 235.40 164.01 177.02 228.70 267.80 315.20 323.40 173.90 171.10 191.70 -
cr 82.43 197.10 427.40 198.86 293.33 117.50 197.40 161.40 126.30 464.10 248.60 312.70 -
Co 4527 36.65 46.07 3017 - 49,01 4570 71.46 59.43 39.27 39.72 53.03 -
Ni 60.16 41.42 118.00 64.47 133.25 142.70 88.41 252.00 176.60 76.99 80.83 163.30 134
Rb 2048 48.06 41.23 477 335 34.12 4753 2731 33.74 44,90 53.48 46.26 29
St 539.90 509.30 549.50 517.8 4825 567.20 654.20 573.30 609.70 620.10 578.10 933.20 787
Y 3272 28.82 22.07 16.08 23.28 2101 23.75 32.02 22.89 32.73 35.82 2065 20
izr 187.60 175.00 163.10 144.98 119.83 133.90 175.10 138.10 143.80 214.80 220.10 205.00 122
Nb 35.20 33.90 34.43 35.44 2652 28.08 41,07 27.42 28.26 44.60 4655 56.46 38
Cs 0.56 1.47 0.24 0.01 0.70 0.84 0.35 0.30 0.78 0.13 0.36 0.75 -
Ba 402.60 390.20 389.70 315.46 312.22 341.60 568.00 337.10 347.60 496.70 500.70 | 469.00 481
La 26.26 24.30 22.82 22.94 18.58 1957 27.78 20.58 19.86 36.86 34.01 34.82 24.9
Ce 48.38 4592 44.91 45.71 35.04 37.03 56.60 38.11 38.67 65.69 61.84 65.31 60.8
Pr 6.44 5.90 5.69 5.33 4.17 4.75 6.77 5.05 4.96 8.17 7.90 7.89 -
Nd 26.63 24.16 2331 23.26 18.61 19.75 27.39 21.06 20.72 31.84 31.22 3050 259
Sm 6.78 6.14 5.70 5.36 457 4.91 6.62 5.42 5.29 7.10 7.07 6.56 5.6
Eu 2.09 1.88 177 191 159 157 2.10 179 171 2.26 2.20 2.06 2
Gd 6.38 5.66 4.94 5.54 4.82 434 5.63 5.17 4.66 6.54 6.54 5.52 -
b 0.99 0.88 0.74 0.78 0.69 0.65 0.83 0.79 0.71 0.96 0.97 0.75 -
Dy 552 4.94 4.01 3.90 382 3.63 4.48 4.47 3.88 5.35 541 3.92 -
Ho 0.91 0.81 0.65 0.69 0.71 0.59 0.72 0.76 0.64 0.90 0.92 0.61 -
Er 252 2.27 1.81 179 1.84 1.62 1.95 2.12 1.78 2.54 2.61 167 -
Tm 0.34 0.32 0.25 0.21 0.24 0.22 0.27 0.28 0.24 0.35 0.36 0.22 -
Yb 2.07 191 153 1.26 1.40 1.36 1.65 1.70 1.48 2.15 2.13 1.30 18
Lu 0.31 0.28 0.22 0.17 0.20 0.20 0.24 0.26 0.22 0.32 0.32 0.19 0.3
Hf 4.07 3.83 357 3.32 2.96 2.91 3.64 2.99 3.09 414 4.37 391 3.6
Ma 2.13 2.08 2.16 175 1.66 172 2.44 1.66 173 2.81 2.91 3.54 2.4
Pb 4.78 5.69 3.69 4.30 3.25 3.46 3.85 3.24 4.14 4.82 4.54 4.25 -
[Th 4.73 4.56 4.24 3.38 3.40 353 4.89 3.38 3.56 5.77 6.07 5.30 18
u 0.75 1.18 1.09 0.60 0.75 0.83 1.25 0.81 0.97 0.88 1.48 0.98 -
La/Yb 12,66 1272 1491 18.14 1324 1437 16.86 1210 13.46 17.14 1597 26.76 13.83
Sr/®Sr (unleached) 0.705875 0.704711 | 0.704833
k2ce I 0.000010 | 0.000008 | 0.000009
Sr/®sr (leached) 0.705101 0.704678 | 0.704725
2oe 0.000007 | 0.000008 | 0.000006
St7*°Sr (baked) 0.705090 | 0.705070 | 0.705045 | 0.705084 | 0.704649 | 0.704702 | 0.704711 | 0.704675 | 0.704604 | 0.704726 | 0.704700 | 0.703940 | 0.704084
k2ce 0.000007 | 0.000006 | 0.000007 | 0.000008 | 0.000006 | 0.000005 | 0.000006 | 0.000008 | 0.000006 | 0.000009 | 0.000008 | 0.000005 | 0.000006
**Nd/™*Nd (unleached) 0512687 0512671 | 0512681
i2ce I 0.000005 | 0.000004 | 0.000006
*Nd/™*Nd (leached) 0.512698 0512671 | 0512701
k2ce 0.000006 | 0.000007 | 0.000006
*Nd/™Nd (baked) | 0.512682 | 0512695 | 0512716 | 0512700 | 0.512681 | 0.512713 | 0.512721 | 0512754 | 0.512711 | 0.512751 | 0.512745 | 0512833 | 0.512819
k20e 0.000004 | 0.000006 | 0.000005
e 0.86 111 153 121 0.85 1.46 1.63 2.27 1.43 2.21 2.08 3.81 3.53
F%pb/”™Pb (unleached) 18.824 18.844 18.830
k2ce I 0.0003 0.0005 0.0010
%Pb/*®Pb (leached) 18.748 18.828 18.808
k2oe 0.0004 0.0006 0.0004
5Pb/”*Pb (baked) 18.803 18.701 18.764 18.742 18.814 18.793 18.830 18.808 18.802 18.782 18.770 18673 18.776
t2e 0.0006 0.0004 0.0007 0.0001 0.0005 0.0002 0.0004 0.0005 0.0005 0.0007 0.0004 0.0003 0.0005
Pb/”*Pb (unleached) 15722 15.763 15.747 15.635
k2oe I 0.0005 0.0001 0.0005
0"pb/”*Ph (leached) 15.682 15.731 15.719
k2ce 0.0008 0.0003 0.0002
Pb/”Pb (baked) 15.731 15.716 15.704 15.680 15.716 15.710 15.719 15.720 15717 15.708 15.700 15611 15.635
0.0005 0.0007 0.0004 0.0003 0.0005 0.0007 0.0001 0.0005 0.0002 0.0004 0.0005 0.0006 0.0004
"5Pb/”*Pb (unleached) 39.199 39.269 39.347
20e I 0.0024 0.0019 0.0009
%Pb/2Ph (leached) 39.027 39.145 39.177
= 0.0017 0.0021 0.0018
"5Pb/?*Pb (baked) 39.322 39.154 39.120 39.020 39.140 39.168 39.236 39.208 39.195 39.265 39.233 38.887 39.050
20e 0.0014 0.0008 0.0020 0.0022 0.0024 0.0012 0.0024 0.0008 0.0016 0.0010 0.0016 0.0022 0.0010
SHE"TTHT (baked) | 0.282893 | 0.282895 | 0.282892 | 0.282886 | 0.282893 | 0.282890 | 0.282886 | 0.282876 | 0.282898 | 0.282871 | 0.282885 | 0.282973 | 0.282961
x20e 0.000006 | 0.00001 0.00001 | 0.000008 | 0.000007 | 0.00001 | 0.000006 | 0.000012 | 0.00001 | 0.000008 | 0.000008 | 0.00001 | 0.000007
fent 3.80 3.90 3.78 357 3.82 3.70 3.56 3.22 3.98 3.05 354 6.65 6.22

Note: eng= ((**Nd/***Ndgmpie/0.512638¢1ur)-1)*10000, £= (P HF " Hfampiel0.282785¢1ur)-1)*10000; Age data
(*) from Lee et al. (1998), (**) from Cung et al. (1998), (1) this study
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The Sr, Nd, Hf, and Pb isotopic
measurements:
For isotopic data acquisition,

approximately 50 mg of heated samples were
placed in 15- or 7-mL Teflon bottles with
triple-distilled HF and HNOs (2:1 ratio, and
concentrations at 48% and 68% respectively)
and on a hot plate at ~130°C for two days.
Samples were evaporated properly, 1.6 mL of
275 M HNOs were added to the dried
residues and centrifuged, ready for
chromatographic separation.

Approximately 15 mg of dissolved sample
(~0.5 ml) was taken for the cation exchange
chromatography. A 50 uplL-Eichrom Sr-spec
resin bed in 1 mL quartz column was
employed to separate strontium and lead
metals, using, respectively, weak HNOs and
concentrated HCI. Hafnium and neodymium
metals were separated using 1-mL Eichrom
Ln resin bed in 10 mL cleaned Nalgene
columns. Hf was collected using mixtures of
2 M HCI with 0.2 M HF and neodymium was
extracted by 0.2 M HCI.

Strontium, neodymium, hafnium, and lead
Isotope ratios were acquired from a Neptune
Plus MC-ICP-MS at University of the
Ryukyus. Selected samples were re-analyzed

by a NU Plasma 3 MC-ICP-MS at the
Institute of Earth Sciences (VAST) to confirm
data validity and evaluate acid-leaching’s
effects.

During  Sr  isotope  measurement,
instrumental  mass  fractionation ~ was
normalized to ®Sr/*®Sr = 0.1194, and data
were presented relative to the value of
87Sr/%8Sr = 0.710255 + 0.000015 (20, n = 128)
of the NBS 987 standard. Interference from
¥Kr and ®Rb was minimized through
optimized instrument settings. For
neodymium isotopes, fractionation was
referred to “**Nd/***Nd at 0.7219, and values
were referenced to the JNdi-1 standard, which
yielded **Nd/***Nd = 0.512116 + 0.000013
(20, n = 122). The hafnium isotopic ratios
(*Hf/*""Hf) were referenced relative to the
value of °Hf/""'Hf = 0.282136 of the
JMCA475 standard (Wiedenbeck et al., 1995).
For Pb isotopes, the NBS 981 standard
yielded 16.938 + 0.0006, 15.493 + 0.0005,
and 36.704 £+ 0.0016 (20, n 88),
respectively, for ®°Pb/**Pb, *’Pb/**Ph, and
208ph/?*ph, Procedural blanks ranged from 50
to 100 pg Pb, which is negligible for samples
containing >200 ng purified Pb.

Table 2. Compositions of the computed primitive melts of the North Central Vietnam basalts

Sample ID* |SiO;, [TiOy Al,O3|Fe,04 FeO IMnO|MgO [CaOlNa,0|K,0 [P,O¢TotallFo(on T°C (1)[T°C (2)|Pkb (3)
DACC-1 48.41|1.74]11.38 | 1.21 |10.69| 0.12 |15.91|7.05| 2.44 | 0.77|0.28| 100 { 90.0 | 1371.9 |1393.8| 17.6
DACC-2 49.,99|1.69(11.05| 1.16 {10.03|0.11 {15.02|6.87| 2.59 [ 1.21]0.29| 100 [ 90.1 | 1354.8 |1362.9| 11.1
DA-8 49.50/1.66|11.52|1.33|9.89|0.11 {14.98|6.45| 2.98 | 1.26 |0.32| 100 | 90.0 | 1355.1 |1356.5| 13.1
DA-18 48.96/1.73|11.42|1.21 |10.33| 0.11 {15.52|6.05| 2.90 | 1.39|0.38| 100 | 90.1 | 1365.5 |1377.0| 15.3
DA-20 49.10{1.70{11.67|1.21|9.94 | 0.12|14.91|6.59| 3.00 | 1.37|0.38| 100 { 90.0 | 1354.1 |1359.0| 14.7
DA-21 49.28|1.62(11.53|1.32 (9.93|0.12 {15.10(6.56/ 3.04 {1.17]0.32| 100 {90.1 | 1357.1 |1358.2| 14.0
DA-22 49.34/1.57|11.75|1.35|9.94 | 0.12 {15.06|6.50| 3.02 | 1.06 |0.29] 100 | 90.0 | 1356.6 |1358.7| 13.8
DA-23 49.33|1.62|11.50| 1.23 {10.29| 0.15 [15.37(6.01| 2.92 | 1.25|0.34| 100 | 90.0 | 1362.7 |1374.9| 13.8
DA-24 49.07|1.52|11.30 | 1.35 |10.49| 0.14 |15.81|6.55| 2.66 | 0.87|0.24| 100 [ 90.0 | 1369.9 |1384.5| 14.9
DA-25 49.141.59|11.71 | 1.38 |10.08| 0.12 |{15.39(6.37| 3.01 | 0.95|0.26| 100 [ 90.1 | 1362.6 |1365.5| 14.6
DA-17 45.44|12.26/11.07 | 1.47 {10.89|0.14 {16.46|7.55| 2.69 [ 1.54]0.48| 100 |{ 90.0 | 1383.3 |1403.1| 29.6

(*)The sample coordinates are as in Table 1; Fo,: forsteristic content of calculated olivine in equilibrium with the
primitive melts (after Putirka, 2008); (1) melting temperatures calculated using the method of Danyushevsky and
Plechov (2011), (2) melting temperatures and pressures (3) estimated using formulas given in Hoang and Flower

(1998)
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