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SUPPLEMENTARY FILES 

Sample preparation and analytical 
procedures 

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 HCl and 
warmed on a hotplate at approximately 65°C 
for 2 hours. The acid-leaching step eliminated 
alteration-induced minerals and any post-

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 
et al., 1998; Cung et al., 1998). 

The major element analysis: 
Major element contents were determined 

from glass beads by a Rigaku ZSX Primus II 
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-1a 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 HNO₃ 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 HNO₃ 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 HNO₃ 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 (±1σ). 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 

 

 
oteNd= ((143Nd/144Ndsample/0.512638CHUR)-1)*10000, Hf= ((176Hf/177Hfsample/0.282785CHUR)-1)*10000; Age data 

(*) from Lee et al. (1998), (**) from Cung et al. (1998), (†) this study 

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) 17o08'16" 17o09'05" 17o05'6" 17o4'08" 16o54'21" 16o55'11" 16o54'59" 16o56'53" 17o56'56" 15o46'16" 16o46'18" 16o38'04" 16o38'04" 

Longitude (E) 107o19'50" 107o20'40" 107o04'14" 107o6'19" 107o02'40" 107o00'30" 106o58'30" 107o01'47" 107o01'18" 106o55'30" 106o55'40" 106o46'48" 106o46'48" 

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 ±0.11† 1.3 ±0.11† 1.32 ±0.11† 1.3 ±0.11† - - 4.5 ±0.22* 4.5 ±0.22* 

SiO2 50.34 52.27 50.98 51.94 50.59 50.81 51.12 50.42 50.56 50.85 50.58 46.14 47.19 

TiO2 2.35 2.26 2.03 2.16 1.91 1.89 2.13 1.92 1.93 2.21 2.29 2.81 2.61 

Al2O3 15.46 14.78 14.06 15.18 15.91 14.21 15.14 14.25 14.22 15.16 15.19 13.71 14.22 

Fe2O3 1.68 1.58 1.62 1.58 1.63 1.64 1.65 1.71 1.67 1.60 1.64 1.82 1.58 

FeO 9.51 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 

CaO 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 

Na2O 3.37 3.53 3.64 3.57 3.84 3.65 3.89 3.37 3.66 3.94 3.91 3.33 3.01 

K2O 1.07 1.65 1.54 1.77 1.25 1.28 1.67 1.10 1.15 1.81 1.88 1.91 1.5 

P2O5 0.39 0.40 0.40 0.48 0.29 0.35 0.45 0.31 0.32 0.51 0.51 0.59 0.53 

LOI 

   

0.35 0.26 

       

2.21 

Total 98.74 98.92 98.89 99.32 99.74 99.00 98.57 98.09 98.99 99.01 98.28 98.72 99.55 

Mg# 51.8 51.0 59.4 53.0 57.9 60.3 52.7 56.9 60.6 54.0 52.0 59.6 62.5 

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 83.5 78.8 81.5 83.7 79.6 78.3 83.1 84.8 

Li (ppm) 30.13 55.26 22.04 2.52 7.73 27.64 33.39 38.45 43.23 15.04 12.39 5.41 - 

Be 2.48 3.74 3.20 1.36 1.45 2.46 3.55 3.61 3.46 2.35 1.85 0.31 - 

Sc 34.71 41.67 35.75 8.22 - 28.97 33.56 46.60 55.34 21.88 15.30 2.09 - 

V 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 45.27 36.65 46.07 30.17 - 49.01 45.70 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 20.48 48.06 41.23 47.7 33.5 34.12 47.53 27.31 33.74 44.90 53.48 46.26 29 

Sr 539.90 509.30 549.50 517.8 482.5 567.20 654.20 573.30 609.70 620.10 578.10 933.20 787 

Y 32.72 28.82 22.07 16.08 23.28 21.01 23.75 32.02 22.89 32.73 35.82 20.65 20 

Zr 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 26.52 28.08 41.07 27.42 28.26 44.60 46.55 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 402.60 390.20 389.70 315.46 312.22 341.60 568.00 337.10 347.60 496.70 509.70 469.00 481 

La 26.26 24.30 22.82 22.94 18.58 19.57 27.78 20.58 19.86 36.86 34.01 34.82 24.9 

Ce 48.38 45.92 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 23.31 23.26 18.61 19.75 27.39 21.06 20.72 31.84 31.22 30.50 25.9 

Sm 6.78 6.14 5.70 5.36 4.57 4.91 6.62 5.42 5.29 7.10 7.07 6.56 5.6 

Eu 2.09 1.88 1.77 1.91 1.59 1.57 2.10 1.79 1.71 2.26 2.20 2.06 2 

Gd 6.38 5.66 4.94 5.54 4.82 4.34 5.63 5.17 4.66 6.54 6.54 5.52 - 

Tb 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 5.52 4.94 4.01 3.90 3.82 3.63 4.48 4.47 3.88 5.35 5.41 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 2.52 2.27 1.81 1.79 1.84 1.62 1.95 2.12 1.78 2.54 2.61 1.67 - 

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 1.91 1.53 1.26 1.40 1.36 1.65 1.70 1.48 2.15 2.13 1.30 1.8 

 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 3.57 3.32 2.96 2.91 3.64 2.99 3.09 4.14 4.37 3.91 3.6 

Ta 2.13 2.08 2.16 1.75 1.66 1.72 2.44 1.66 1.73 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 3.53 4.89 3.38 3.56 5.77 6.07 5.30 1.8 

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 12.72 14.91 18.14 13.24 14.37 16.86 12.10 13.46 17.14 15.97 26.76 13.83 
87Sr/86Sr (unleached) 

  

0.705875 0.704711 0.704833 

       ±2e 

   

0.000010 0.000008 0.000009 

       87Sr/86Sr (leached) 

  

0.705101 0.704678 0.704725 

       2e 

   

0.000007 0.000008 0.000006 

       87Sr/86Sr (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 

±2e 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 
143Nd/144Nd (unleached) 

  

0.512687 0.512671 0.512681 

       ±2e 

   

0.000005 0.000004 0.000006 

       143Nd/144Nd (leached) 

  

0.512698 0.512671 0.512701 

       ±2e 

   

0.000006 0.000007 0.000006 

       143Nd/144Nd (baked) 0.512682 0.512695 0.512716 0.512700 0.512681 0.512713 0.512721 0.512754 0.512711 0.512751 0.512745 0.512833 0.512819 

±2e 

   

0.000004 0.000006 0.000005 

       Nd 0.86 1.11 1.53 1.21 0.85 1.46 1.63 2.27 1.43 2.21 2.08 3.81 3.53 
206Pb/204Pb (unleached) 

  

18.824 18.844 18.830 

       ±2e 

   

0.0003 0.0005 0.0010 

       206Pb/204Pb (leached) 

  

18.748 18.828 18.808 

       ±2e 

   

0.0004 0.0006 0.0004 

       206Pb/204Pb (baked) 18.803 18.701 18.764 18.742 18.814 18.793 18.830 18.808 18.802 18.782 18.770 18.673 18.776 

±2e 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 
207Pb/204Pb (unleached) 

  

15.722 15.763 15.747 

      

15.635 

±2e 

   

0.0005 0.0001 0.0005 

       207Pb/204Pb (leached) 

  

15.682 15.731 15.719 

       ±2e 

   

0.0008 0.0003 0.0002 

       207Pb/204Pb (baked) 15.731 15.716 15.704 15.680 15.716 15.710 15.719 15.720 15.717 15.708 15.700 15.611 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 

208Pb/204Pb (unleached) 

  

39.199 39.269 39.347 

       ±2e 

   

0.0024 0.0019 0.0009 

       208Pb/204Pb (leached) 

  

39.027 39.145 39.177 

       ±2e 

   

0.0017 0.0021 0.0018 

       208Pb/204Pb (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 

±2e 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 
176Hf/177Hf (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 

±2e 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 

Hf 3.80 3.90 3.78 3.57 3.82 3.70 3.56 3.22 3.98 3.05 3.54 6.65 6.22 
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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 HNO₃ (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 
2.75 M HNO₃ 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 L-Eichrom Sr-spec 

resin bed in 1 mL quartz column was 

employed to separate strontium and lead 

metals, using, respectively, weak HNO₃ and 

concentrated HCl. 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 HCl with 0.2 M HF and neodymium was 

extracted by 0.2 M HCl. 

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 86Sr/88Sr = 0.1194, and data 

were presented relative to the value of 
87Sr/86Sr = 0.710255 ± 0.000015 (2σ, n = 128) 

of the NBS 987 standard. Interference from 
84Kr and 85Rb was minimized through 

optimized instrument settings. For 

neodymium isotopes, fractionation was 

referred to 146Nd/144Nd at 0.7219, and values 

were referenced to the JNdi-1 standard, which 

yielded 143Nd/144Nd = 0.512116 ± 0.000013 

(2σ, n = 122). The hafnium isotopic ratios 

(176Hf/177Hf) were referenced relative to the 

value of 176Hf/177Hf = 0.282136 of the 

JMC475 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 (2σ, n = 88), 

respectively, for 206Pb/204Pb, 207Pb/204Pb, and 
208Pb/204Pb. 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* SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total Fo(Ol) 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 49.14 1.59 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 2.26 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(ol): 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) 




