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Text S1. Basement geology and crustal lithologies of Vietnam

The basement terrane of Indochina Peninsula consists of continental blocks, termed
South China block and Indochina block. These blocks are allochthonous continental
fragments derived from Gondwana, and composed of Proterozoic to Phanerozoic rocks of
igneous, sedimentary, and metamorphic origins. Detailed geologic, petrologic, and
geochemical studies have been conducted for some massifs or terranes; e.g., Tu Le basin and
Phan Si Pan uplift in Northern Vietnam (Tran et al., 2015) and the Kontum massif in Central
Vietnam (e.g., Lan et al., 2003).

The Kontum massif is the largest basement exposure in the Indochina block, and
located in Central Vietnam. The massif consists of granitic rocks, felsic and mafic gneisses,
charnockites, schist and amphibolite of Paleozoic to Mesozoic ages. The massif is, in part,
overlain unconformably by Cenozoic basalts in the Song Cau region (Lepivrier et al., 2004;
Maluski et al., 2005). Thus, these lithologies of the massif could be one of possible
assimilants of the Cenozoic Vietnamese basalts. Geochemical and isotopic data of the massif

rocks are provided in Lan et al. (2003), Owada et al. (2007) and Jiang et al. (2020).
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The other, younger basement rocks, dominated by felsic igneous rocks, is exposed in
the other areas in Vietnam. One of the igneous complexes, well studied and capped by
Cenozoic basalts, is the Dalat zone in Southern Vietnam (Nguyen et al., 2004a, 2004b). The
Dalat zone contains three suites of Cretaceous granitic batholiths, namely the Dinhquan suite,
the Deoca suite and the Ankroet (or Cana) suite; the ages of these granitic rocks are 120-90
Ma (Nguyen et al., 2004a, 2004b; Shellnutt et al., 2013; Nguyen et al., 2021). The Dinhquan
and Deoca granitic rocks are mostly metaluminous and classified into I-type granite, while
the Ankroet granites are peraluminous and some are classified into A-type granite (Nguyen et
al., 2004a; Shellnutt et al., 2013). Since these batholiths are partly capped by Cenozoic
basalts distributed in Xuan Loc, Dalat and Phuoc Long, granitic rocks of the batholiths
represent a possible assimilant in parental magmas of basalts in Southern Vietnam. Elemental
and isotopic compositions of these basalts are given by Nguyen et al. (2004a) and Shellnutt et
al. (2013).

Text S2. Analytical Methods

Samples were collected in the traverse from north to south of central and
southern Vietnam for individual volcanic fields and 3 islands in the continental shelf of
EVS/SCS (Figure S1). The geodetic coordinates and altitude of sampling locations
were obtained using GPS (Global Positioning System). The least altered hand
specimens were collected by using a sledgehammer then the weathered crusts of
samples were removed by a picking hammer. Thin sections were made for all samples
and carefully examined under an optical microscope. The fresh fractions were picked
up for geochemical and geochronological analyses. All experiments were carried out at
the Pheasant Memorial Laboratory (PML) for Geochemistry and Cosmochemistry,
Institute for Planetary Materials (IPM), Okayama University at Misasa (Nakamura et
al., 2003).

For whole rock analysis, samples were crushed by a jaw crusher to coarse chips
of 3—5mm in diameter, and then fresh chips without weathered crusts were carefully
selected. Subsequently, the chips were rinsed with deionized water in an ultrasonic
bath for several times until the supernatants of water became clear. They were then
dried up at 100°C for 12h in an oven. The dried chips were pulverized into fine

powders using an alumina ceramic puck mill.
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S2.1. Major- and trace-element analysis

Concentrations of whole-rock major elements, including Ni and Cr contents,
were determined by an X-ray fluorescence spectrometer (Philips PW2400), using glass beads,
following the method of Takei (2002). Glass beads were prepared by fusing whole-rock
powders (0.500 £+ 0.005 g) mixed with anhydrous lithium tetraborate (Li,B40O7) in the
proportion of 10 to 1 for flux and sample, respectively. The mixture was fused in a platinum
crucible using an automated high-frequency bead sampler (Tokyo Kagaku TK-4200). The
sample was heated at 1050 °C for 10 minutes with continuous stirring and swirling and finally
cast into a glass bead. Loss on ignition (LOI) was measured gravimetrically using 0.5-1 g
sample. The powdered sample was weighed in the porcelain crucible before and after ignition
at 1000 °C in a muffle furnace (> 4 hours). All analyses were duplicated and the relative
differences among the duplicated analyses were better than 1% for major elements and 5% for
Ni and Cr, respectively. Mean abundances of duplicated analyses are summarized in Table
S1, and the CIPW normative mineral compositions, calculated from major-element
compositions, are summarized in Table S2.

Concentrations of trace elements were determined by an inductively coupled plasma
mass spectrometer (ICP-MS) using Agilent 7500cs and Thermo Scientific iCAP TQ following
the methods of Yokoyama et al. (1999), Tanaka et al. (2003), Makishima and Nakamura
(2006), and Lu et al. (2007). About 20 mg of powdered sample was used, and all analyses
were duplicated. Isotope dilution was applied to determination of abundances of B, Zr, Sm, and
Hf, and the other elements are determined by internal standardization using elements
determined by isotope dilution (isotope-dilution internal standardization method by Makishima
& Nakamura, 2006). Analytical reproducibility is better than 3% (as relative standard deviation
of replicated analyses of an in-house reference standard rock; see Table S1), except for B (<
5%), Be (< 9%), Cs (< 6%) and Ta (<5%). Mean abundances of duplicated analyses are

summarized in Table S1.
S2.2. Sr-Nd-Pb isotope analysis

Isotopic analyses of Sr, Nd, and Pb were performed by thermal ionization mass
spectrometers (TIMS) using a Thermo Scientific TRITON and a TRITON plus in a static
multi-collection mode. Instrumental mass biases (IBM) during Sr and Nd isotope analyses were
corrected using 36Sr/3¥Sr = 0.1194 and "*Nd/'**Nd = 0.7219, respectively. The IBM during Pb
isotope analysis was corrected by the double-spike method (Kuritani & Nakamura, 2003).
Powdered samples (50 mg for Sr-Nd, and 300 mg for Pb) were leached in 6 M HCl at 100°C
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for 6 hours prior to acid decomposition to minimize the effect of secondary alteration
and contamination. Residues after leaching were rinsed with de-ionized water and
decomposed with HF-HClO4 for Sr-Nd isotopes (Yokoyama et al., 1999) and HF-HBr
for Pb isotope analyses (Kuritani & Nakamura, 2002). Chemical separations and
instrumental procedures followed the methods of Yoshikawa and Nakamura (1993) for
Sr, Nakamura et al. (2003) for Nd, and Kuritani and Nakamura (2003) for Pb,
respectively. Total procedural blanks for Sr, Nd, and Pb were <260, <7, and <20 pg,
respectively. The standard materials during the course of analyses yielded the following
means and variants (20); 3St/%6Sr = 0.710276 £ 0.000008 (7 = 4 by TRITON) and
0.710245 + 0.000008 (n =3 by TRITON plus) for NIST SRM 987, St/*6Sr =
0.703701 £ 0.000008 (n = 2 by TRITON) and 0.703670 £ 0.000008 (n = 2 by TRITON
plus) for JB-2; 3Nd/!*Nd = 0.511741 + 0.000007 (n = 6 by TRITON) and

0.511716 £0.000008 (n = 4 by TRITON plus) for an in-house standard PML-Nd,
those values correspond to *Nd/!*Nd of 0.511877 and 0.511852, respectively, for
La Jolla (conversion factor of 1.000266 by Makishima et al., 2008), and
0.513119+0.000007 (n =2 by TRITON) and 0.513093 + 0.000007 (» =2 by TRITON
plus) for JB-2; 20°Pb/2%Pb = 16.9422 + 0.0017, 2°’Pb/2*Pb = 15.4997 £ 0.0019,

and 2%Pb/2%Pb = 36.7270 + 0.0043 for NIST SRM 981 (n =24 by TRITON),

and 2°Pb/2%Pb = 18.2956 + 0.0013, 2’Pb/?*Pb = 15.5375 + 0.0014,

and 2%8Pb/2%Pb = 38.2504 + 0.0033 for JB-3 (n =15 by TRITON), respectively. Sample
values are reported relative to 8Sr/%Sr = 0.710250 for NIST SRM 987 and **Nd/"**Nd
=0.511860 for the La Jolla. The normalization was not applied to Pb-isotopes ratios.
Initial 8’Sr/%Sr, 3Nd/'"*Nd, 2°Pb/2%4Pb, 297Pb/?%*Pb and 2°%Pb/>**Pb ratios of our
samples and those cited from the literature are corrected using the decay constants and

atomic ratios of parent nuclides in Steiger & Jager (1977), and summarized in Table S1.
S2.3. K-Ar dating

Nineteen samples from the mainland and coastal islands were dated by the K-Ar
method (Table S3). Samples were crushed to particles of 60—80 mesh (0.18-0.25 mm),
and groundmass fractions were collected using a magnetic separator. The abundance of
radiogenic **Ar was determined by an isotope-dilution mass spectrometer, a modified
V(G5400 mass spectrometer (Micromass, UK), following the method of Nguyen et al.
(2020). Instrumental mass bias was corrected using a reference air with “°Ar/*°Ar =

296.0 (Nier, 1950). The abundance of K was determined by a flame photometer AA-
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6200 (Shimadzu, Japan). The preparation of samples and instrumental calibration of K analysis
are described in Nguyen et al. (2020). All analyses for K and Ar were duplicated. The relative
difference of K concentration between duplicates is less than 2%, and the external
reproducibility is estimated to be 2% (as 16mean) from the repeated analyses of JB-3. The decay
constants of *°K via electron capture and B decay follows Steiger & Jiger (1977). During the
course of the analyses, the reference standard rocks and minerals (ranging from 1.44 to 17.8
Ma) were analyzed along with samples. Our analyses yielded the ages consistent with those
reported in the previous studies (Nagao et al., 1996; Nakamura et al., 1986), thus confirming
reliability of the method (Table S4).

Text S3. Petrography

Seventy samples were collected from inland, coastal, and offshore regions in
Vietnam. Most samples were fresh, and few samples contained secondary minerals. Major
alteration products are iddingsite developed on rims and cracks of olivine, and similar brown
products, usually referred to as chlorophaeite or sidenromelane, in interstitial portions of
matrices. Carbonates rarely occur in cavities or as olivine pseudomorphs. The petrographic

description of representative samples from each region in Vietnam are given below.
S3.1. Con Co Island

All samples from Con Co Island are sub-alkaline basalts and show porphyritic texture
(~15 vol%) consisting of phenocrysts of olivine (3—4 vol.%), clinopyroxene (1-2 vol.%) and
plagioclase (10 vol.%; Figure S2a). Plagioclase occurs as euhedral shaped crystals (0.5-1
mm). Olivine and clinopyroxene occur as subhedral to anhedral shaped crystals (0.3-0.5
mm). The groundmass mainly consists of olivine, plagioclase, clinopyroxene, and opaque

minerals.
S3.2. Ly Son Island and Quang Ngai

Basalts from these regions include alkaline and sub-alkaline types. Alkaline basalts
include aphyric type (1-2 vol% phenocryst, PLS23 and PLS35; Figure S2b) and porphyritic
type (10 vol% phenocryst, PLS89 and PLS93; Figure S2c¢). Both types of alkaline basalts
have the same phenocryst assemblage consisting of olivine (<6 vol%), clinopyroxene (<3
vol%) and plagioclase (<1 vol%). Olivines occur as euhedral to subhedral shaped crystals (4—
6 mm) and are occasionally altered to iddingsite along fractures. The groundmass contains
olivine, pyroxene, plagioclase, opaque minerals and minor glass. The sub-alkaline basalts are

vesicular and show aphyric texture (<2 vol% phenocryst). Phenocrysts consist of olivine,
p ry ry
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clinopyroxene and subordinate plagioclase. Olivine occurs as euhedral shaped crystals
(0.5-1 mm). Clinopyroxene occurs as anhedral shaped crystals (0.5 mm). Plagioclase
occurs as euhedral to subhedral shaped crystals. Vesicles are occasionally filled by

secondary carbonates (PLS36).
S3.3. Kong Plong

A sample MM36 is a sub-alkaline basalt which shows aphyric texture and
contains subhedral shaped olivine (< 2 vol.%, 0.3—-0.5 mm) as phenocrysts. The

groundmass contains olivine, pyroxene, plagioclase and opaque minerals.
S3.4. Pleiku and Buon Ma Thuot

Basalts from this region include alkaline and sub-alkaline series rocks,
consistent with Hoang et al. (2013). Alkaline basalts (KT05; Figure S2d) are aphyric
and contain olivine as dominant phenocryst phase (<2 vol%, 0.5 mm). The
groundmass of alkaline basalts comprises of olivine, clinopyroxene, plagioclase,
opaque minerals and minor glass. Occasionally, they contain large olivines (2.5 mm)
with wavy extinction and are considered to be xenocrysts disaggregated from
ultramafic xenoliths (Hoang et al., 2013). Sub-alkaline rocks (KTO01, KT02, KT04,
KTO06; Figure S2d) are phyric to porphyritic (5—6 vol%), containing olivine,
clinopyroxene and plagioclase phenocrysts. Porphyritic type contains plagioclase as a
major phase with subordinate olivine (KT02). Sample KT04 shows sub-ophitic
texture in which plagioclase laths are embedded in subhedral to anhedral shaped
clinopyroxenes.

Basalts from Buon Ma Thuot are classified into either alkaline or sub-alkaline,
consistent with Hoang et al. (2013). The alkaline basalts (DK2-2, DK03, DK04,
DKOS5; Figure S2e) show aphyric to phyric texture, consisting of olivine (<5 vol.%)
and minor clinopyroxene phenocrysts (<1 vol%). Olivine phenocrysts (I mm) occur
as subhedral to anhedral shaped crystals (DK2-2). Clinopyroxene phenocrysts occur
as subhedral shaped crystals (1.5 mm) and have reaction rims of minute opaque
minerals (DKO03). The groundmass consists of olivine (altered to iddingsite),
clinopyroxene, plagioclase, opaque minerals, and minor glass. Vesicular samples
contain carbonates as amygdule minerals (DK2-2). Some rocks contain clots of
olivine xenocrysts (4 mm) with reaction rims (DK04-05). The sub-alkaline basalts

(DK9-1 and DK9-2; Figure S2¢) are moderately phyric to porphyritic, containing
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phenocrysts of clinopyroxene (<2 vol%, <2 mm), plagioclase (<2 vol%, 1.5 mm) and minor

olivine (<1 vol%, <1 mm).
S3.5. Phuoc Long

All studied basalts from Phuoc Long belong to sub-alkaline series. The predominance
of this series in this region is reported in Hoang et al. (1996). Basalts show varying texture
from aphyric (<2 vol% phenocrysts; DN02 and DNO03) to porphyritic (10-20 vol%; DNOS,
DNO8 and DNO09; Figure S2f). Phenocryst consists of olivine, clinopyroxene, and plagioclase.
Olivine (0.5 mm) occur as major phenocryst phase in both aphyric (< 2 vol%) and porphyritic
(<10 vol%) types, and is occasionally altered to iddingsite (DN4-1). Clinopyroxene (<5
vol%) and plagioclase (<15 vol%) occur as common phenocryst phases in porphyritic type
(DNO5, DNO8 and DN09). The groundmass of both types consists of plagioclase, olivine,
clinopyroxene, and opaque minerals. Porphyritic type shows sub-ophitic texture in which
euhedral shaped plagioclases are embedded in subhedral to anhedral shaped clinopyroxene

(DNOS).
S3.6. Xuan Loc

Alkaline basalts and sub-alkaline basalts occur in Xuan Loc. They show varying
amounts of phenocrysts and exhibit aphyric or porphyritic texture. Alkaline basalts (XLO1,
XL02, and XL035; Figure S2g) are moderately phyric with phenocrysts of olivine (5-10
vol.%), clinopyroxene (< 2 vol.%), and plagioclase (< 2 vol.%). Olivine is a common
phenocryst phase, and occurs as euhedral shaped crystal (1 mm). Xenocryst olivine also
occurs, probably disaggregated from ultramafic xenoliths (XL02). Plagioclase occurs as
prismatic shaped crystal (<2 mm). Clinopyroxene occurs as subhedral-shaped crystal (0.5
mm; XL05). Orthopyroxene (2 mm, subhedral shape) occasionally occurs in alkaline basalts
as a constituent mineral of ultramafic xenoliths (XL02) or disaggregated xenocrysts (XLO1).
The groundmass consists of plagioclase, clinopyroxene, olivine, opaque minerals and minor
glass. Sub-alkaline basalts (XL03 and XL04; Figure S2g) show porphyritic texture with
phenocrysts of plagioclase (3—10 vol.%), olivine (5-10 vol.%) and minor clinopyroxene
phenocrysts (< 2 vol%). The groundmass consists of plagioclase, pyroxene, olivine, opaque

minerals, and minor glass.
S3.7. Phu Quy Island

Basalts from Phu Quy Island include sub-alkaline rocks and alkaline rocks.

Irrespective of rock series, basalts in this region show vesicular, aphyric to moderately phyric

7
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texture, and contain phenocrysts consisting of olivine (5—12 vol.%) and minor
plagioclase (25 vol.%) and clinopyroxene (< 1 vol.%; Figure S2h). Olivine occurs as
euhedral to anhedral shaped crystal (1 mm) and is occasionally altered to iddingsite
(PQO1 and PQO04-1). Some olivines are replaced by secondary carbonate which also
filled in druses (PQOS). Plagioclase occurs as elongate lath-shaped crystal with 1-mm
long (PQO02 and PQO06). The groundmass consists of plagioclase, olivine,

clinopyroxene, opaque minerals and minor glass.
Text S4. Regional chronology

The K-Ar ages of basaltic rocks by this study (Table S3) are compared with
the ages inferred from the stratigraphy (Hoang et al., 1996; Hoang & Flower, 1998;
Hoang et al., 2013) or determined by the K-Ar method or the *°Ar/*°Ar method in the
previous studies (Barr & Macdonald, 1981; Rangin et al., 1995; Lee et al., 1998;
Koszowska et al., 2007; An et al., 2017; Le et al., 2019; Hoang et al., 2019).

S4.1. Con Co Island (< 1.3 Ma)

Con Co region in the northernmost part of Central Vietnam includes offshore
island (Con Co Island) and onshore areas (Khe Sanh). We analyzed two basalt
samples from Con Co Island, yielding the K-Ar ages of 0.06 = 0.02 and 0.09 = 0.02
(Figure S3a). These ages are younger than the age of a basalt by the °Ar/3*° Ar method
(0.35 Ma; Lee et al., 1998). The younger ages by this study are possibly due to loss of
radiogenic Ar through alteration, although these samples show the effects of intensive
alteration (e.g., LOI < 0.1 wt%). Lee et al. (1998) also presented the *°Ar/*°Ar ages of
1.3 Ma for basalts (n = 2) from the onshore Khe Sanh volcanic field, which is older
than the ages of Con Co basalts. The K-Ar ages of 0.44 Ma and 0.55 Ma are also
reported for the basalts from the same field by Rangin et al. (1995). Overall, basaltic

volcanism in the Con Co region had been active in the Pleistocene.
S4.2. Ly Son Island (<1.2 Ma) and Quang Ngai (7.1-1.5 Ma)

This region includes Ly Son Island (formerly referred to as Re Island) and the
coastal area of the mainland at 15.0-15.5 "N (Quang Ngai). Two basaltic samples
from Ly Son Island yielded K-Ar ages of 0.17 = 0.02 and 0.03 £ 0.02, and one sample
from Quang Ngai yields the K-Ar age of 5.42 = 0.09 Ma (Figure S3b). The °Ar/*°Ar
ages of 1.2-0.4 Ma (except for the age of 12 Ma for a basalt) are reported for Ly Son
basalts (n = 3) and 7.1-1.5 Ma (n = 2) for Quang Ngai basalts by Lee et al. (1998).
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Rangin et al. (1995) reported K-Ar ages of 6.2—1.5 Ma for Quang Ngai basalts (n = 3),
demonstrating the consistency of the ages by the K-Ar and *°Ar/* Ar methods.

S4.3. Kong Plong (17-10 Ma? and 8-5 Ma)

Basalts occur in the Kong Plong volcanic field of ¢. 2000 km?, and have volumes of
160 km? and thickness of up to 150 m (Hoang et al., 2018; Hoang et al., 2013; Hoang &
Flower, 1998). Eruptions appear to have involved at least two episodes, ¢. 17-10 Ma and 87
Ma, based on the stratigraphy of the volcanic field (Hoang et al., 2018). One basaltic sample
from this study gave the K-Ar age of 7.55 £ 0.17 Ma (Figure S3c), consistent with the K-Ar
ages of 7.0-5.4 Ma (n = 6) by Rangin et al. (1995). The *°Ar/*’Ar ages have been reported for

basalts from the volcanic field.
S4.4. Pleiku (5.4-2 Ma) and Buon Ma Thuot (7.3-0.3 Ma)

Pleiku and Buon Ma Thuot are close to each other, and represent second and third
largest volcanic provinces in Vietnam with eruptive volumes of 1500 km? and 2000 km?,
respectively (Hoang & Flower, 1998). We did not date basalts in our collection from these
provinces since the stratigraphy of these provinces were well established (Hoang et al.,
2013). The *°Ar/*°Ar ages were reported for basalts from these provinces (Lee et al., 1998);
5.4 to 2.6 Ma for Pleiku and from 7.3 to 0.3 Ma for Buon Ma Thuot (Figures S3d-¢). The K-
Ar ages were also obtained in the previous studies; 2.1, 1.8 and 1.6 Ma for Pleiku basalts
(Barr & Macdonald, 1981; Rangin et al., 1995) and 3.4 Ma for a basalt from Buon Ma Thuot
(Barr & Macdonald, 1981).

S4.5. Phuoc Long (15.5 Ma and 8—4.8 Ma)

Phuoc Long is the largest volcanic field in Vietnam straddling the border with
Cambodia, with an eruptive volume of 2200 km* (Hoang & Flower, 1998). We analyzed one
sample from this volcanic field and obtained an age of 6.31 + 0.58 Ma (Figure S3f). The
obtained age falls within the range of the “°Ar/**Ar ages (15.5-4.8 Ma) of basalts from this
volcanic field (Lee et al., 1998). The older “°Ar/*°Ar ages (15.5 Ma and 15.1 Ma) by Lee et
al. (1998) are obtained for quartz-normative sub-alkaline basalts (Hoang et al., 1996; Hoang
& Flower, 1998), and their eruptions seemingly coincided with the cessation of EVS/SCS
spreading (15.5-15.1 Ma; Lee et al., 1998). Major volcanic activity had occurred from 8 Ma
to 5-4 Ma, dominated by eruptions of olivine-normative basalts and alkaline basalts (Hoang

et al., 1996; Hoang & Flower, 1998).
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S4.6. Xuan Loc (10 Ma?, 4-2 Ma, and <1 Ma)

Xuan Loc is the southernmost volcanic field in the mainland of Vietnam, and has the
eruptive volume of 500 km? (Hoang & Flower, 1998). Based on the stratigraphy,
Hoang et al. (1996) recognized three phases of Cenozoic volcanism, having occurred
at middle Miocene (Phase 1; 10 Ma?), late Pliocene (Phase 2; c¢. 2 Ma), and late
Pleistocene (Phase 3; 1 Ma or younger). Radiometric ages and geochemical
compositions of Phase-1 volcanic rocks have not been reported. Our samples also do
not include Phase-1 volcanic rocks. Four of five basalt samples of this study yielded
the K-Ar ages of 1.91-0.53 Ma. These ages are within the range of the “*Ar/*’Ar ages
(2.42-0.24 Ma, n = 5) by Lee et al. (1998) and that of the K-Ar ages (2.6-0.2 Ma) by
Barr & Macdonald (1981) and Hoang et al. (2019). One of our samples yields a
younger K-Ar age of 0.06 = 0.01 Ma, while An et al. (2017) reported the older K-Ar
ages of c. 4 Ma. These results indicate that Phase-2 and Phase-3 activities had
occurred in 4-2 Ma and 1 Ma to recent (Figure S3g).

S4.7. Phu Quy Island (1.3-0.6 Ma)

Seven basalt samples were dated in this study. The K-Ar ages range from 1.1
to 0.6 Ma (Figure 3h). The older K-Ar ages (2.64 and 1.32 Ma) are reported for
basalts from different sites by Le et al. (2019). The older ages are comparable to the
A1/ Ar age (1.27 Ma) of a basalt from Iles des Cendres island, located at 50-km
south of Phu Quy Island (Lee et al., 1998).

S4.8. The other provinces

S4.8.1. Northern Vietnam

Dien Bien Phu is the northernmost volcanic field in Vietnam. The K-Ar and
Y0Ar/°Ar ages of 5.2-4.4 Ma were obtained in the previous studies (Lee et al., 1998;
Koszowska et al., 2007). Phu Quy or Nghia Dan is the volcanic field in Northern
Vietnam. A °Ar/*°Ar age of 4.5 Ma is reported by Lee et al. (1998).

S.4.8.2. Central Vietnam

Khe Sanh is the volcanic field located in the coastal area of Central Vietnam,
and in 50-km west of Con Co Island. The K-Ar and *°Ar/*°Ar ages of 1.3-0.4 Ma
were obtained in the previous studies (Rangin et al., 1995; Lee et al., 1998). Song Cau
is located in the southeast of Kong Plong, and the basalts from the region yield K-Ar
and “°Ar/*?Ar ages of 10.5-8.9 Ma (Lee et al., 1998; An et al., 2017). Basalts from the
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Tuy An region, adjacent to Song Cau, yielded K-Ar ages of 7.7 and 7.5 Ma (Rangin et al.,
1995).

S.4.8.3. Southern Vietnam

Dalat is the one of the largest basalt plateaus in Vietnam (1500 km?; Hoang &
Flower, 1998). The “°Ar/*Ar and K-Ar ages reported in the previous studies range from 14
Ma to 0.2 Ma (Barr & Macdonald, 1981; Rangin et al., 1995; Lee et al., 1998; An et al.,
2017).

The Ile des Cendres is a group of submarine volcanoes located at 50-km south of Phu
Quy Island. The latest activity had occurred during the period from 2 March to 13th May in
AD1923 (Patte, 1925). Hoang et al. (1996) and Hoang & Flower (1998) suggested that these

volcanoes began active at 2—0.8 Ma.

S.4.8.4. Hainan and Leizhou

The ages of volcanisms in Hainan and Leizhou Peninsula are well constrained by the
A1/ Ar (and K-Ar) dates, ranging from 12.9 Ma to 0.2 Ma for Hainan and from 1.9 Ma to
0.2 Ma for Leizhou, respectively (Ho et al., 2000; Wang et al., 2012).

S.4.8.5. Laos, Cambodia and Thailand
The ages of Cenozoic basalts in the regions other than Vietnam are reported by Barr
& Macdonald (1981), Barr & Cooper (2013 and reference therein), and Sieh et al. (2020 and

reference therein), ranging from 24 Ma to 0.1 Ma, and mostly younger than 5 Ma.

Text SS. Geochemistry of basalts from EVS/SCS

Major- and trace-element abundances and ¥’Sr/%Sr and **Nd/!*#Nd ratios of the sea-
floor basalts in EVS/SCS (Site U1431 and Site U1433) were determined (Table S1). The
locations of these sites are shown in Figure S4. The abundance patterns of the basalts from
Site U1431 and Site U1433 are clearly different. The basalts from Site U1431 have lower
abundances of Ba, Th, U, Nb, Ta, and La, compared with the basalts from Site U1433. The
overall patterns of normalized element abundances are similar to N-MORB (Gale et al.,
2013). The basalts from Site U1433 show the abundances of Rb, Ba, Th, U, Nb, Ta, La and
Ce intermediate of N-MORB and E-MORB (Gale et al., 2013). The ®’Sr/%¢Sr ratios of the
Site-U1431 basalts range from 0.7029 to 0.7032 (Figure S6), which are higher than the
average of N-MORB (0.70282 + 0.00007; Gale et al., 2013). Whereas, the '**Nd/!**Nd ratios
of these basalts show a small variation (0.51298-0.51309), and are comparable to the average

of N-MORB (0.51307 £ 0.00002; Gale et al., 2013). In addition, the Site-U1431 basalts show
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enrichments of Cs, Rb and K, and depletion of Pb. Such features are considered to have been
produced by varying extents of the interaction with seawater (Krolikowska-Ciaglo et al.,
2005). Our data are consistent with the data for EVS/SCS basalts from the same and the other
sites by Zhang et al. (2018a, 2018b).

Text S6. F-test for Pb-isotope correlations
The sums of residual variances (residual sum of squares or RSS) of regression lines in
the ((°Pb/2%Pb)i-(2*"Pb/?%*Pb); and (*°Pb/2%Pb)i-(2**Pb/?%*Pb); plots are calculated

individually for Central and Southern Groups as

s [(207 or 208Pb> (207 or 208Pb> r
= 204 - 204
Pb observed Pb predicted

where subscripts “observed” and “predicted” denotes 2°’Pb/>**Pb or 2%¥Pb/?%*Pb determined
by the isotopic measurement and predicted by the regression model. The (*°7 or 208

Pb/204Pb)predicted 1s giVen as

(207 or 208Pb> b (206Pb> .
— = S a
204 204
Pb predicted Pb observed

where (2%°Pb/2%*Pb)predicted 1s 2°°Pb/2**Pb determined by the isotopic measurement, and b and a
are slope and intercept of the regression line, respectively (those are given in Table S5).
Regression analysis is applied to data for three populations; (1) all samples (i.e., pooled), (2)
Central Vietnam samples, and (3) Southern Vietnam samples. The degree of freedom (df) for
RSS is n — 2 (where n is the number of samples). The combined residual sum of squares
(RSScombined) 1s calculated as a sum of RSS for Central Vietnam samples and that for
Southern Vietnam samples, and is compared with residual sum of squares for pooled data

(RSSpooled). The null hypothesis predicts that statistic ' given as

. (Rsspooled - RSScombined> (RSScombined)
dfcombined

dfpooled - dfcombined

The F should follow the distribution F(dfpooled — dfcombined, dfcombined). The dfpooted — dfcombined 18
2, and the dfcombined 1S 34, and the F'is calculated to be 25.65 and 13.12 for residual variances
for regressions of the 2°Pb/2**Pb-20"Pb/?**Pb and 2°Pb/2**Pb-2"8Pb/2**Pb relationships,
respectively. These F' are much greater than the predicted £ [5.29 for F(2, 34) at 1%
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significant level and 8.52 for F' (2, 34) at 0.1% significant level]. Results are summarized in

Table S5.

Text S7. Isotope variability

Isotope variability of basalts in Vietnam and surrounding regions shown in Figure 5
(in the main text) are used to postulate end-member components involved in the magma
sources; there are at least four end-member components including D-DMM, EM1 or Cl1,
EM2 or C2, and FOZO. Parameters for the isotope mass-balance mixing model are shown in
Table S6. Data sources for the compositions of mantle end-member components are as
follows: (1) D-DMM, depleted MORB mantle (Workman & Hart, 2005), 2°*Pb/?%*Pb of
Extreme DM proposed by Salters and Stracke (2004) is substitute for that of D-DMM; (2)
EM1/C1 (seamount segment), Sr, Nd and Pb abundances are average of Eastern Wharton
Volcanic Province basalts in the northeast Indian Ocean (Hoernle et al., 2011). Proposed
isotopic compositions estimated from Pb-Pb systematic and Sr-Nd-Pb systematics; (3)
EM2/C2 (sediment), Sr and Nd abundances are average of sediments from Pacific Ocean
(Site 1149, Hauff et al., 2003) and Pb abundance adjusted in the compositional range of this
Site. Isotope compositions are sediment from Indian Ocean (Ben Othman et al., 1989) which
is comparable to sediment from Java trench (Plank & Langmuir, 1998); and (4) FOZO
(oceanic crust), trace element abundances are average of altered oceanic Pacific crust (Site

1149, Hauff et al., 2003). Sr-Nd-Pb isotopic compositions are from Stracke et al. (2005).

Text S8. AFC modeling

We examine the extent to which crustal assimilation affects the variations in
elemental and isotopic compositions of Vietnamese basalts using the AFC (assimilation and
fractional crystallization) model. The Magma Chamber Simulator (MCS) was used for this
evaluation, which is a forward modeling tool to examine the evolution of magmatic system

based on a thermodynamic model (Bohrson et al., 2014, 2020; Heinonen et al., 2020).

The input parameters include the major- and trace-element compositions and
87Sr/8Sr-143Nd/'*4Nd ratios of the parental magmas (PM) and wall rock (WR), temperature
changes of the PM and WR during interaction (7 interval for simulation), and partition
coefficients between minerals and a melt (Table S7). The wall rock compositions were
selected from the analyses of the granitic rocks from the Kontum massif (Owada et al., 2007)

and Dalat zones (Shellnutt et al., 2013). The enthalpy convergence steps and minimum
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wallrock-melt mass fraction follow the suggested ones by Bohrson et al. (2020) and

Heinonen et al. (2020).

Text S9. Lithology of basalt magma sources

S9.1. Olivine geochemistry

An et al. (2017) and Hoang et al. (2018) advocated that the sources of Vietnamese
basalts contain a significant quantity of mafic crustal lithologies. The argument of the
existence of such lithology in the magma sources are based largely on (1) the geochemistry of
olivine phenocrysts, and (2) whole-rock major-element compositions. Approach 1 is based on
the assumption that magnesian olivine phenocrysts were equilibrated with a parental magma
of basalts equilibrated with a mafic or ultramafic source rock. In particular, abundances of
minor elements Ca, Mn, Cr, Ni, and Co in olivines are strongly affected by the mineralogy of
a source rock. Sobolev et al. (2005, 2007) suggested that melting of an olivine-free mafic
lithology (pyroxenites) could produce melts with high-Ni abundance and low-Ca, -Mn and -
Cr abundances, compared with melts produced from an olivine-bearing ultramafic lithology
(peridotites). A residual solid of mafic lithology should be dominated by pyroxenes and
garnet, both of which have lower D*°"¢™¢lt for Ni and higher D**"/™!t for Ca, Mn and Cr, than
those of olivine. Accordingly, partitioning of Ni into melt is enhanced while those of Ca, Mn

and Cr into melt are suppressed.

An et al. (2017) found that NiO contents of forsteritic olivines (Fo = 85-90) in basalts
from Central and Southern Vietnam are as high as 0.37 wt% ([Ni] = 2900 ppm), and fall
within the compositional range of olivines in Hawaiian basalts. They suggested that these
olivines could have been crystallized from magmas equilibrated with a pyroxenite source.
However, the observed NiO range for a given Fo is well within the range of mid-ocean ridge
basalts, as clearly shown in Figure 1 in An et al. (2017). Hoang et al. (2018) also found that
forsteritic olivines (Fo = 80-90) in basalts from Central Vietnam are depleted in Ca and Mn
(hence high Fe/Mn), and again advocated the involvement of pyroxenite sources in

production of parental magmas of Vietnamese basalts.

We have compiled major- and minor-element abundance data of olivines (with whole-
rock data) by An et al. (2017) and Hoang et al. (2018), and shown in Figure S7. We filtered
the olivines with Fo < 88. The Ni abundances (Figure S7a) and those normalized to Fe/Mg
abundances (Figure S7b) are well within the range of olivines equilibrated with peridotite-

derived melts (Sobolev et al., 2007). The majority of olivine phenocrysts (80%) analyzed by
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An et al. (2017) and Hoang et al. (2018) are low-Mg type with Fo < 85, and some of these
low-Mg olivines have Ni abundances higher than those estimated by the fractional
crystallization model using a constant D°Vine/melt for Ni [Figure 2 of Hoang et al. (2018)].
Such olivines are likely equilibrated with melts with low-Mg and high-Si abundances. The
experimental studies have documented that D°!Vinmelt for Ni significantly increases with the
increase in SiO2 abundance and decrease in MgO abundance of a melt (Foley et al., 2013 and
reference therein). The low-Ca and low-Mn features of olivine phenocrysts in the Vietnamese
could also be explained by changes of D°viremelt for Ca and Mn under varying pressure
condition or vapor fugacity. Using Fe-Mg partitioning (Figure S7c¢), olivines equilibrated
with melts are selected, and D°Vine'melt for Ca is estimated for these olivines (Figure S7d). In
Figure S7d, the extents to which D°Vinemelt yaries under varying H,O and CO; are shown by
isopleths after Gavrilenko et al. (2016). The observed D°Vine/melt for Ca can be explained if a
magma contained 0—4 wt% H>O, consistent with our estimate of H>O abundances in primary
magmas (~2 wt% H>0). As the CO» suppresses D'vVinemelt for Ca to a greater extent, the H,O

abundance could be as low as 0—2 wt% to attain the observed Delivine/melt

S9.2. Whole-rock geochemistry

A primary magma was equilibrated with the residual solid of a magma source. It is
therefore expected that composition of a primary magmas provides the information about
mineral assemblage and melting condition of the source in sub-crustal depth. Basalts
emplaced on surface are differentiated to varying extents. The Vietnamese basalt magmas are
considered to have been differentiated by crystallization sequence of (1) olivine (+ spinel),
(2) olivine (+ spinel) + clinopyroxene, and (3) clinopyroxene = plagioclase + olivine + spinel
+ Fe-Ti oxides, based on modal and normative mineral assemblages (Hoang et al., 1996;
Hoang & Flower, 1998; this study). The crystallization sequence 2 (cotectic crystallization of
olivine and clinopyroxene) is considered to have begun when melt MgO dropped to c. 7.5
wt%, based on the covariation of MgO and CaO/Al>O; of whole-rock samples (Figure S8).
At MgO > 7.5 wt%, the basalts in the same volcanic fields and of the same rock series (i.e.,
alkaline or sub-alkaline series) show nearly constant CaO/Al>O3, suggesting crystallization of
phases which do not contain significant amounts of CaO or Al;O;3 (i.e., olivine). Whereas, at
MgO < 7.5%, they show a broad positive correlation between MgO and CaO/AlLO3,

interpreted as participation of clinopyroxene in the assemblage of cotectic phases.

Given that the basalts with MgO > 7.5 wt% are equilibrated with olivine, inverse

approach, i.e., incremental addition of equilibrium olivine, can be applied (e.g., Lee et al.,
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2009). It is noted that addition of equilibrium olivine does not change CaO/Al>O; (while it

increases MgO abundance). The CaO/Al,O3 ratio (w/w) of the Vietnamese basalts with MgO
> 7.5 wt% ranges from 0.53 to 0.99, being well within the range of partial melts of peridotitic
magma sources (Figure S8). Further examination of the magma-source lithology is employed

using multiple proxies of major-element oxide components.

It is not straightforward to distinguish melts from peridotite and mafic lithology using
a limited number of major-element oxides; in a nominal two-dimensional (2D) plot, the
compositions of melts from peridotitic and mafic sources show significant overlaps (Figures
S9a and S9b). Yang et al. (2019) developed the algorithm to better characterize multiple-
oxide components in 2D representation. They derived multiple proxies by combining major-
element oxide components (as logratios); one of the proxies is termed FCKANTMS, that is
an acronym for the oxide components used to calculate it (FeO, CaO, K,O, Al,O3, Na;O,

TiO2, MgO and Si02). The FCKANTMS is defined as

FCKANTMS = 1 (Feo)
~ "™ a0

0.081 (Kzo)
AL,

0.0521 (Tioz)
' " Na,O

0.0361 (Nazo)l (Nazo) 0.062 [1 (Mgo)r 0.641 [1 (Mgo)r
T2 K,0/ "\Tio, ) ~ 41 (sio, 2% "M sio,

3

) —1.473

MgO
Si0,

- 1.8711n<

where all the oxide abundances are in wt%. The coefficients for major-element logratios in
the above equation are optimized so as to adjust the mean FCKANTMS value for the melts

from ‘pyrolitic’ lherzolite (KR4003; Walter, 1998) to be 0 (+ 0.08 as 15).

Yang et al. (2019) found that FCKANTMS values of the experimental melts from
mafic lithologies (pyroxenites; Hirschmann et al., 2003; Keshav et al., 2004; Kogiso et al.,
2003; Lambart et al., 2009b; Lambart et al., 2013; Figure S9c¢) is much greater than 0. Also,
they found that the existence of CO> enhances the differences in FCKANTMS values from
melts from these two different lithologies. The melts of CO»-bearing peridotites (Dasgupta et
al., 2007) yield extremely low FCKANTMS values (as low as —2), whereas the melts of CO»-
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bearing eclogites (Dasgupta et al., 2006) yield extremely high FCKANTMS values (as low as
+2).

It is well known that mafic lithology includes silica-deficient type and silica-excess
type (e.g., Kogiso et al., 2003). Silica-deficient mafic rocks have mineralogic and major-
element characteristics between silica-excess mafic rocks and peridotites (e.g., Yaxley &
Green, 1998). Yang et al. (2019) demonstrated that melts from silica-deficient rocks also
show FCKANTMS values intermediate between silica-excess mafic rocks and peridotites
(thus they denoted this compositional range as “transitional lithology”). Accordingly, they
gave two thresh values which discriminate (silica-excess) mafic lithology, transitional
lithology, and peridotite; 0.37 + 0.08 for a boundary of mafic lithology and transitional
lithology, and 0.05 £ 0.10 for a boundary of silica-deficient mafic lithology and peridotite
(Figure S9c).

It is noted that FCKANTMS is little affected by crystallization of olivine (Yang et al.,
2019), hence it is applicable to samples with liquidus phases of merely olivine (with minor
spinel). We have calculated the FCKANTMS values for the Vietnamese basalts (data by this
study and the existing data for basalts with MgO > 8 wt%), and plotted against Mg” in Figure
S9c. The Vietnamese basalts have the FCKANTMS values of —0.04-0.50 (a mean of 0.27 £
0.11, 1o) irrespective of Mg”, which are well within the fields of melts from peridotite and
transitional lithology. We thus conclude that “olivine-free” lithology did not largely

contribute to the formation of primary magmas of the Vietnamese basalts.

Text S10. H20 and CO; abundances in parental magmas of Vietnamese basalts
We employed thermobarometry to examine the pressure and temperature conditions
of magma production. The existing thermobarometers are used (Putirka et al., 2008; Lee et
al., 2009; Herzberg & Asimow, 2015; Plank & Forsyth, 2016), which are calibrated using the
experimental data on melting of ultramafic lithologies (peridotite). These studies
demonstrated that melting under varying pressure and temperature conditions produced
magmas with different compositions. It is also noted that volatiles (H20 and COz)
significantly affect melting behavior (reaction stoichiometry, solidus depression/elevation)
and major-element compositions of partial melts (e.g., Hirose, 1997; Dasgupta et al., 2007).
In applying thermobarometry, it is essential to evaluate H>O and CO; abundances in parental

magmas of Vietnamese basalts.
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The H20 is incompatible with major mineral phases considered to have been
crystallized from parental magmas of Vietnamese basalts (olivine, pyroxene, feldspar and Fe-
Ti oxides). The partition coefficients of H>O between a magma and these minerals are
considered to be similar to light rare-earth elements such as Ce; bulk partition coefficient of
H>O (and Ce) is as small as 0.01 (Michael, 1995; Danyuschevsky et al., 2000). Thus, the
H>O/Ce ratio of a primary magma is essentially identical to its magma source. Dixon et al.
(2002) gave the estimates of HoO/Ce ratios in mantle end-member components (DMM,
FOZO, and EM) of 100-250. Cabral et al. (2014) also demonstrated that the larger number of
the data for MORB and OIB cluster chiefly in the range of H>O/Ce ratio 200 £+ 50. We
estimated H>O abundance in primary magmas of Vietnamese basalts using the constant

H>O/Ce ratio of 200, and Ce abundance of the primary magmas estimated by incremental

addition of equilibrium olivine (Dg}:vme/ melt _ 0.0005; McKenzie & O’Nions, 1991).

The CO; (or C) is also incompatible with major mineral phases in Vietnamese basalts.
Hirschmann (2018) demonstrated that CO»/Ba ratios of MORB and OIB cluster chiefly in the
interval 100 = 20. He also found a smaller variation in CO/Nb ratios (810 £ 220) of these
oceanic basalts. These ratios are multiplied with Ba or Nb abundances in calculated primary

magmas, and the abundance of CO> was estimated as.
CO, (Wt%) = 100 (+20) X Ba(ug-g~1) x10™*
and
CO, (Wt%) = 810 (+220) X Nb (ug-g~1) x 107*.
It is noted that Ba and Nb abundances in the above equations are those in a primary magma,

calculated using Dn"*/™¢' = 1.3 x 1076 (Beattie, 1994) and Dop" /™" = 0.01

(McKenzie & O’Nions, 1991), respectively.

Dasgupta et al. (2007, 2013) experimentally documented the composition of partial
melts from COs-bearing peridotites. The most striking feature is that CO> diminishes SiO; in
melts, resulting in the linear relationship between SiO; and CO; abundances in melts. Plank
& Forsyth (2016) and obtained the following relationship from the experimental data by
Dasgupta et al. (2007, 2013) as

Si0, (Wt%) = —1.067 X CO, (Wt%) + 50.63.
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It is noted that the above equation is applicable to melts formed at 2-3 GPa. In Figure S10,
the CO, abundances estimated from the abundances of Ba ([CO2]ga), Nb ([CO2]nb), and SiO»
([CO2]si) are shown. The [CO:] estimates among the different approaches agree with each

other within + 0.7 wt% uncertainty.

Text S11. The condition of melting: major-element and trace-element approaches

Melting pressure and temperature, calculated by thermobarometers (Putirka, 2008;
Lee et al., 2009; Herzberg & Asimow, 2015 Plank & Forsyth, 2016) are summarized in Table
S8 and shown in Figure S11. Mantle potential temperatures are calculated by the algorithm of
Plank & Forsyth (2016) or the adiabatic gradient by Katz et al. (2013), and the results are
shown in Figure S12. The parameters used REE modeling (REEBOX PRO; Brown & Lesher,
2016) is summarized in Table S9.
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Figure S1: Map showing sample localities. Open symbols, sub-alkaline basalts (SAB), filled

symbols, alkaline basalts (ALK). Gray fields denote distributions of basaltic lava flows in

Vietnam (Hoang et al., 1996).
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Figure S2: Photomicrographs of (a) sub-alkaline basalts from Con Co Island (CC07 and

CC16) with porphyritic texture containing phenocrysts of olivine (ol), plagioclase (pl) and
clinopyroxene (cpx), (b) alkaline basalts from Ly Son-Quang Ngai region showing aphyric
(PLS75, PLS93) to porphyritic textures (PLS06, PLS89) and containing ol, cpx and pl as
phenocrysts, (c) sub-alkaline basalts from Ly Son-Quang Ngai region with aphyric (PLS49)
to porphyritic (PLS21, PLS23, PLS35, PLS36) textures containing ol, pl and cpx as
phenocrysts, (d) alkaline (KTO05) and sub-alkaline basalts (KT01, KT02, KT04 and KT06)
from Pleiku with aphyric (KTO01, KT05, KT06) to porphyritic (KT02) textures or sub-ophitic
texture (KT04) in which pl lath is embedded in cpx, (e) alkaline (DK2-2, DK03, DK04,
DKO5) and sub-alkaline (DK9-2 and DK9-3) basalts from Buon Ma Thuot with aphyric
texture (DK2-2, DK03, DK04, DKO05), carbonates (ca) as ol (or iddingsite, id) pseudomorphs
(DK2-2), olivine xenocryst (DK04 and DKO05), and porphyritic texture (DK9-2 and DK9-3),
(f) sub-alkaline basalts (aphyric type, DN02 and DNO3; moderately-phyric type, DN4-1;
porphyritic type, DNO5, DNOS, and DN09) from Phuoc Long with phenocrysts of ol, cpx and
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pl, (g) alkaline basalts (XL0O1, XL02, and XL05) with aphyric to phyric texture and sub-
alkaline basalts (XL03 and XL04) with porphyritic texture from Xuan Loc, and (h) alkaline
basalt (PQOS5) with aphyric texture and ol phenocryst and sub-alkaline basalts (PQO1, PQ02

b

PQO04-1, PQO6 and PQO8) with moderately phyric textures and phenocrysts of ol, pl and cpx

from Phu Quy Island.
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Figure S3: Histogram showing variations in age of Vietnamese basalts in each volcanic field.

The data are from this study (Table S3) and literature (An et al., 2017; Barr & Macdonald,
1981; Hoang et al., 2019; Le et al., (2019); Lee et al., 1998; Rangin et al., 1995).
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Figure S4: Primitive mantle-normalized trace-element abundance patterns of seafloor basalts
from the EVS/SCS (Sites U1431 and U1433, this study; literature data for basalts from these
and the other sites are from Zhang et al. (2018a, 2018b)). Abundances of trace elements in N-
MORB and E-MORB are from Gale et al. (2013). Abundance of trace elements in primitive
mantle are from McDonough and Sun (1995).
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Figure S6: Sr-Nd isotopic compositions of late Cenozoic mafic volcanic rocks from Vietnam
and the EVS compared with literature data (An et al., 2017; Hoang et al., 2018; Hoang et al.,
2013; Hoang et al., 1996, 2019; Zhang et al., 2018a, b). Data sources for the compositions of
mantle end-member components are as follows: D-DMM and E-DMM, Workman and Hart
(2005); EM1 and EM2, Zindler and Hart (1986); HIMU and FOZO, Stracke et al. (2005).
Analytical uncertainties of our data are smaller than the symbols. Isotopic ratios are age-
corrected (denoted as subscript i; Table S1). ALK and SAB indicate alkaline and sub-alkaline

basalts, respectively.
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Figure S7: The geochemistry of olivine phenocrysts in basalts from Central and Southern
Vietnam: (a) Fo [= 100 x Mg/(Mg + Fe?*) in molar] vs. Ni abundances; (b) Fo vs. Ni
abundances normalized by Mg/Fe weight (w) ratio; (¢c) Fo compared with 100 x Mg/(Mg +
Fe?") (in molar) of melt (i.e., bulk); (d) Ca abundance (relative to bulk, i.e., partitioning,
expressed as Dca®/™e!) vs. MgO (wt%) of melt. The circles drawn by broken line in (a) and
(b) denote the compositions of olivine equilibrated with primary magmas produced by
melting of peridotites (Sobolev et al., 2007). The lines denoted as Kd = 0.25, 0.30, and 0.35
are the Fo of olivines equilibrated with melt [where Kd = (Fe**/Mg)otivine/(Fe* /Mg)melt]
(Roeder & Emslie, 1970; Blundy et al., 2020). Data fall between the lines of Kd = 0.25 and
Kd = 0.35 are shown as larger symbols. The black and red lines in (d) denote Dc,®/™! for
varying amount of H,O and CO; in melts (i.e., isopleths of H,O and CO») after Gavrilenko et
al. (2016). Data plotted in (d) are those for olivines having Kd = 0.25-0.35.
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Figure S8: Plot of MgO versus CaO/Al;O3 for Vietnamese basalts from this study and
literature (An et al., 2017; Hoang et al., 2013; Hoang et al., 1996, 2019; Hoang et al., 2018).
Data sources for experimental peridotite melts (orange field; Condamine et al., 2016; Davis et
al., 2011; Davis & Hirschmann, 2013; Falloon & Danyushevsky, 2000; Hirose & Kawamura,
1994; Hirose & Kushiro, 1993, 1998; Kushiro, 1996; Pickering-Witter & Johnston, 2000;
Walter, 1998) are shown for comparison. The vectors denoted as “ol”, “pl”, and “cpx” depict
compositional changes by fractionation of olivine, plagioclase, and clinopyroxene,
respectively.
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Figure S9: (a, b) Plot of MgO versus CaO, and MgO versus SiO> for calculated primary
magmas of Vietnamese basalts. Data for basalts in Central and Southern Vietnam are from
this study and the previous studies (An et al., 2017; Hoang et al., 2013; Hoang et al., 1996,
2019; Hoang et al., 2018). Compositions of experimental melts of anhydrous peridotite
(Condamine et al., 2016; Davis et al., 2011; Davis & Hirschmann, 2013; Falloon &
Danyushevsky, 2000; Hirose & Kawamura, 1994; Hirose & Kushiro, 1993, 1998; Kushiro,
1996; Pickering-Witter & Johnston, 2000; Walter, 1998), and those of mafic lithologies
(eclogite, pyroxenite; Hirschmann et al., 2003; Keshav et al., 2004; Kogiso et al., 2003;
Lambart et al., 2009a, 2012) are also shown for comparison. (c¢) FCKANTMS versus Mg# |
= Mg/(Mg + Fe*") in molar] for Vietnamese basalts with MgO > 8 wt%. The parameter

FCKANTMS is defined by Yang et al. (2019) as; In(FeO/CaO) — 0.08 x In(K,0/Al,03) —
0.052 x In(TiO2/Na>20) — 0.036xIn(Na,0/K>0) x In(Na,O/Ti02) — 0.062 x [In(MgO/Si0,)]* -
0.641 x [In(MgO/Si0)]*> — 1.871 x In(MgO/Si0,) — 1.473, where all oxides are in wt %.
Two dashed lines separate the compositions of melts from mafic lithology, transitional
lithology and peridotite (FCKANTMS at 0.37 = 0.08 and 0.05 £ 0.10). The border of mafic
lithology and transitional lithology is denoted as “the upper limit of melts of normal
peridotite” by Yang et al. (2019). Experimental melts of garnet pyroxenites (2—-5 GPa) are
from Hirschmann et al. (2003), Keshav et al. (2004), Kogiso et al. (2003), Lambart et al.
(2009b), and Lambeart et al. (2013). Experimental melts of lherzolite mineralogies (1-3 GPa)
are from Davis et al. (2011) and Davis & Hirschmann (2013).
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Figure S11: Results of thermobarometry for Vietnamese basalts (MgO > 8.0 wt %). Melting
temperature (7)) and pressure (P) under anhydrous condition are estimated using the methods
of Lee et al. (2009) (P1 and T1), and under hydrous condition (H>O + CO») using the models
of Putirka (2008) (P> and 73), Plank and Forsyth (2016) (P3 and 73) and Herzberg and
Asimow (2015) (73). Estimated H2O and CO; contents in melts are 0.47-2.0 wt% and 2.2—4.5
wt%, respectively. Symbols are arranged in latitude from north (LS-QN) to south (Phu Quy).
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Figure S12: Latitudinal variations in mantle potential temperature (7;) in the production of
parental magmas of Vietnamese basalts. The 7}, shown are calculated from melting P and T
(P3 and T3) in Figure S11 by the algorithm of Plank & Forsyth (2016) and adiabatic gradient
of Katz et al. (2003). The average T, = 1540°C of Hainan basalts is from Wang et al. (2012).

Literature data used for calculation are the same as in Figure S9.
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Captions for Table S1 to S9 (files uploaded separately)

Table S1. Locality, major- and trace-element concentrations, and Sr-Nd-Pb isotopic
compositions of Vietnamese volcanic rocks (Con Co, Ly Son-Quang Ngai, Kong Plong,
Pleiku, Buon Ma Thuot, Phuoc Long, Xuan Loc and Phu Quy) and seafloor basalts from the
EVS/SCS. Results of replicated ICP-MS analysis of the in-house standard rock MYK-1.

Table S2. CIPW normative compositions.
Table S3. Results of K-Ar dating for the volcanic rocks from Vietnam.
Table S4. K-Ar ages obtained for the reference standard materials.

Table S5. F test statistics of the Pb isotope regression trends for Vietnamese basalts.

Table S6. Trace element and isotope compositions of proposed end-member components.

Table S7. a) Parental magma (PM, this study) and wallrock (WR, Owada et al., 2007;
Shellnutt et al., 2013) compositions, and input parameters for the AFC model using the
Magma Chamber Simulator (Borhson et al., 2014, 2020; Heinonen et al., 2020). b) Partition
coefficients for trace elements used in AFC modeling (Adam & Green, 2006; Bacon &
Druitt, 1988; Bea et al., 1994; Elkins et al., 2008; Klemme et al., 2006; McKenzi & Onion,
1991; Pilet et al., 2011; Ronov & Yaroshevskiy, 1976).

Table S8. Major-element compositions of primary magmas of Vietnamese basalts
(equilibrated with Fogo) and estimated melting pressure (P) and temperature (7) by

thermobarometry.

Table S9. Input parameters for REEBOX PRO model (Brown & Lesher, 2016).
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