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ABSTRACT

The Lung Po basalt, dating to 0.93, 0.81, and 0.47 Ma, occupies approximately 1 km? and is situated 12 km west of
the Ailao Shan Red River Shear Zone (ASRRSZ) and about 65 km south of the 12-0 Ma Maguan intraplate volcanic
area in southwest Yunnan (SW China), within the ASRRSZ. This olivine-bearing phyric alkaline basalt is characterized
by high TiO: (around 2.3 wt.%), MgO (8-10 wt.%), and K-O (approximately 2.8-3 wt.%) with Na-O/K-O ratios ranging
from 1 to 1.2. These features partially overlap with the Maguan mantle xenolith-bearing alkaline basalt but are distinct
from the Pleistocene alkaline basalt of Vietnam's Western Highlands. The Lung Po basalts exhibit a typical oceanic
island basalt (OIB) trace element distribution pattern and a 'crossing' rare earth element (REE) pattern, indicating magma
generation possibly by melting of garnet peridotite. They have high #Sr/*Sr isotopic ratios (around 0.706) and low
SNd/"*“Nd ratios (approximately 0.5126), along with moderate 2°Pb/>**Pb and '"*Hf/"""Hf isotopic ratios (respectively
<18.3-18.4 and 0.28295-0.2830). These isotopic characteristics, coupled with OIB trace element features, challenge the
involvement of crustal material. The Lung Po Pleistocene basalt and the 12-0 Ma Maguan alkaline basalt differ
significantly from the 42-24 Ma post-collision high-K magmas in the ASRRSZ, which are associated with crustal
tectonic processes. Instead, the Lung Po (and Maguan) basalt likely originated from a newly emplaced, metasomatically
altered fertile asthenosphere following localized lithosphere extension and delamination after the India-Eurasian
collision events.

Keywords: Lung Po, India-Eurasian collision, post-collision magmatism, metasomatized asthenosphere, recycled
sediment.

1. Introduction (1982, 1990), resulted from the collision
The Ailao Shan-Red River Shear Zone between the Indian and Eurasian plates,

. driving the spreading and formation of the
(ASRRSZ), proposed by Tapponnier et al. g, vietnam Sea (also known as the South

China Sea, after that EVS/SCS). Despite its
*Corresponding author, Email: leducluong@igsvn.vast.vn critical role in regional tectonic, magmatic,
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and mineralogical models, the evolutionary
history of the ASRRSZ remains debated
(Briais et al., 1993; Harrison et al., 1996;
Chung et al., 1997; Leloup et al., 2001).

The ASRRSZ extends over 1000 km from
Tibet to the EVS/SCS and contains four
metamorphic blocks with varying grades,
reaching granulite facies in regions like the
Day Nui Con Voi in Vietnam and Ailao Shan,
Diancang Shan, and Xuelong Shan in China.
Recent isotopic dating indicates that the
metamorphic rocks in the Red River zone
formed during the Late Oligocene to Early
Miocene (Harrison et al., 1996; Wang et al.,
1998; Tapponnier et al., 1990; Leloup et al.,
2001). Debates concern the timing of shear
zone formation, its development stages, and
the heat source for high-temperature
metamorphism (Leloup et al., 2001). Maluski
et al., 2001) identified two phases of tectonic
activation and uplift: an early Oligocene phase
(37-35 Ma) and a primary movement phase of
the Red River zone (25-21 Ma).

The ASRRSZ's tectonic activity is believed
to have four main stages: initial spreading
(~60-40 Ma), tectonic compression
(~40-23 Ma), continued compression and
folding (~23-5 Ma), and ongoing faulting
from ~5 Ma to present. These stages are
accompanied by magmatic activity, indicating
that the displacement of the Red River zone
impacts both the lithospheric crust and upper
mantle (Zhang and Schirer, 1999; Wang
etal., 2001; Guo et al., 2006).

High-potassium volcanic rocks erupted
between 42-24 Ma in the northern and
northwestern parts of the Ailao Shan-Red
River fault zone, with younger, scarce
intraplate-type basalt eruptions (12-0 Ma) in
western Yunnan (Wang et al., 2001; Flower et
al., 2013; Liu et al., 2014; Zhang et al., 2017,
Xie et al., 2021). In Vietnam, the ASRRSZ
includes mafic and ultramafic assemblages
such as peridotite, pyroxenite, and gabbro
discovered between Yen Bai and Lao Cai,
aged 35 and 25 million years, coinciding with

periods of thermobaric metamorphism and
left-lateral strike-slip movement (Tran et al.,
2016). Granite associations aged 35-22
million years are common in the Red River
zone (Pham et al., 2022).

Miocene-Quaternary volcanic rocks are
sparse in northern Vietnam. Notable
exposures include 4.8 Ma basalt and andesite-
basalt in the Dien Bien Phu airport area,
associated local pull-apart spreading and
subsidence processes (Koszowska et al.,
2007). Additionally, 3.5-4.5 Ma sub-alkaline
and alkaline basalt are found in the Nghia Dan
District of western Vietnam (Hoang et al.,
2014; Huong and Hoang, 2018). The Lung Po
outcrop, located along the Vietnam and China
border, consists of dark gray to black basalt
forming boulders or five-sided columns. This
basalt block, covering approximately 1 km?,
lies about 12 km west of the ASRR Shear
zone, around 60 km from the Maguan basalt
area and 75 km to the Gejiu basalt area in
western Yunnan (Wang et al., 2001; Xie et al.,
2021) (Fig. 1). The latter is characterized by
asthenosphere-derived K-rich basalts and
basanites, enriched in high-field strength
elements (HFSE) and large ionic lithophile
elements (LILE), similar to regional East and
Southeast Asian Neogene-Quaternary basalts
(e.g., Flower et al., 2013; Xie et al., 2021).
Given these geochemical features and their
proximity to the Lung Po outcrop, key
questions arisen: Were the Lung Po magmas
produced in a heterogeneous asthenosphere or
the continental lithospheric mantle? What role
did the ASRRSZ activity and the mantle
responses to the India-Eurasia collision play
in this magmatism?

To address the above questions, Lung Po
basalt samples were collected to analyze
eruption  age, elemental geochemical
composition, and Sr, Nd, Pb, and Hf isotopes.
The data were interpreted to determine the
P-T conditions of primitive melt generation,
the characteristics of source enrichment or
depletion, and its origin, consistent with local
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seismic data. This analysis proposes a magma

ASRRSZ activities following the India-

generation model corresponding to the Eurasian collision.
950 1000 1050 1100
- (1) Lung Po: 0.9 - 0.5 Ma
Asia (2) Dien Bien Phu: 4.8 Ma
(3) Nghia Dan: 4.5 Ma
(4) Gio Linh - Ho Xa: 1.3 Ma 25°
(5) Tay Nguyen: 16 - 0 Ma
(6) Maguan: 12 - 0 Ma
25°
Y Maguan (s)
¥ J‘Ap v \y —r—
i\ EA\ SN
N \'e N Lung Po (1)
ot . )
—~— Thrust ) - @ DN
. Lanping-Simao P
20°| N Normal fault Fold Belt ' 4 Gulf of | Hainan,
\ Strike-slip Tonkin
fault -
X ro Indochina g Sa ls1ond
‘ ol Hoar}
Tertiary high-K P
L3 igneous rocks a(.l - . 15°
Tertiary - n
Quaternary ?(
basalts — !Z—
0 aniu
157 ian shan~—~ Asig Shaxi “fault | uw
x o ». graben, \ i
! Gadn, anm & » _ 1)
- <
. 4o fo Y w
S > South China
s I S 1 10¢
Q
India |
109) | "\ Indochina g QU100
° sa |§Ia|"ds S
e Tho Chu = Truond :
con Dao a
o 0
~
95° 100° 105" 110°

Figure 1. The scheme of India-Eurasian collision and distribution scheme of post-collision volcanism and
regional faults in China and Vietnam are simplified after Wang et al. (2001) and Hoang and Flower
(1998). The ages of Maguan basalts are from Wang et al. (2001) and Xie et al. (2021); the Lung Po

basalts' ages are from this study; other Vietnamese basalts are from Hoang and Flower (1998). ASRRSZ:

Ailao Shan Red River Shear Zone

2. Petrography

The Lung Po basalt outcrop is located at
coordinates 22°43'34"N and 103°34'S8"E,
situated between the A Lu and Y Ty
communes at the northernmost tip of
Bat Xat district, Lao Cai province, on the
right bank of the Red River, along the
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Vietnam-China border. The outcrop covers
approximately (length, width, and height)
300 x 250 x 70-100 m) overlying Permian-
Triassic  granitoid rocks. It forms a
sedimentary-volcaniclastic layer composed of
gravel, tuff, lava fragments (bombs), and
reddish-brown volcanic ash, which can be
several meters thick. The basalt occurs as
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blocks up to 2 x 2 x 1 m in size or as 4-to
5-sided columns with diameters less than
0.4 m. The outcrop is visible from the bottom
of Lung Po Creek (which delineates the
border between Vietnam and China) to the
top, appearing almost monolithic and making
it difficult to distinguish individual lava flows.
However, citing the eruption ages (see below),
several eruption episodes must have formed
the outcrop. At the top of the outcrop, to the
west, at an altitude of 510 m (sample
LPO-10), about 70 meters higher than the first
sampling site (LPO-1) along the border, the
basalt appears as smaller blocks, showing
evidence of tectonic compression fractures.
Lung Po basalt is phyric, with olivine

being the only phenocryst taking up to
15 vol.% of the rock. The phenocrysts are
lemon yellow, usually euhedral or subhedral,
with various sizes from 0.1 by 0.2 to 1 by
2 mm, with high interference color and high
forsteritic content. Olivine irregularly spreads
on the plagioclase microlitic or glassy
groundmass, containing a large amount of
Fe-Ti oxide. Sometimes encountered are
olivine aggregates (Fig. 2), which may be
products of fractional crystallization of earlier
melt factions. Sometimes, large (2 by 5 mm),
fresh ortho- or clinopyroxene xenocryst

fragments are also encountered, which usually
form thermo-chemical reaction rims with the
basaltic groundmass.

Figure 2. A photomicrograph of a representative Lung Po Pleistocene alkaline basalt shows euhedral and
subhedral olivine phenocrysts on a holohyaline groundmass with plagioclase microlite and Fe-Ti oxides;
the left photo is taken under plain light, and the right photo is taken under polarized light

3. Analytical procedures
3.1. K-Ar age dating

Samples were processed and analyzed for
K-Ar age data at the K/Ar laboratory, Institute
of Nuclear Research, Hungarian Academy of
Sciences (ATOMKI Debrecen, Hungary).
Details of the analytical method are given in
Balogh (1985) and Balogh et al. (1986) but
briefly described as follows:

Determination of potassium
concentration: Approximately 50 mg of finely
ground samples were digested in a mixture of

concentrated HNOs and HF acids within
Teflon beakers. Following evaporation, the
samples were dissolved in 0.2 M HCI.

Potassium concentrations were determined
using flame photometry, with a sodium buffer
and lithium as an internal standard, employing
an Industrial M420 type flame photometer.
Multiple runs of inter-laboratory standards
(Asial/95, LP-6, HD-B1, GI-0) confirmed the
method's accuracy and reproducibility,
maintaining a deviation within 2%.

Argon measurements: Approximately 0.5 g
of samples were wrapped in aluminum foil and
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copper sieves, then preheated for about 24
hours at 150-180°C under vacuum. Argon was
extracted under ultra-high vacuum conditions
via RF induction heating and fusion of rock
samples in molybdenum crucibles. The gas
was purified using a titanium sponge and
SAES St 797 type getters to
chemically active contaminants and a cold trap
containing liquid nitrogen. The extraction line
was directly connected to a mass spectrometer
(90° magnetic sector type with a 155 mm
radius, equipped with a Faraday cup, built at
ATOMKI, Debrecen, Hungary) operating in
static mode. Argon isotope ratios were
measured using a “"Ar isotope dilution mass
spectrometric  method, calibrated  with
atmospheric argon and international rock
standards. Experimental details of the K/Ar
dating method used at ATOMKI Debrecen and
calibration results were provided by Balogh
(1985). The age of the samples was calculated
using the decay constants recommended by
Steiger and Jager (1977). Analytical errors are
reported at a 60% confidence level (lo),
following the equation provided by Cox and
Dalrymple (1967).

remove

3.2. Major element composition analysis

The analysis was conducted at the Faculty
of Physics and Earth Sciences, University of
the Ryukyus (Okinawa, Japan), using a ZSX
Primus II XRF mass spectrometer on glass
beads. During the analytical process, the
Geological Survey of Japan and the U.S.
Geological Survey (USGS)'s geological
standards, such as JA-1, JA-2, JB-1, JB-1a,
JB-3, JR-1, JP-1, BCR-2, and BHVO-2 were
used to construct calibration lines and to
evaluate the precision and accuracy of the
data. The silicate oxides' analytical error (1G)
varies from +1 to £2% (Table 1).
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3.3. Sr, Nd, Hf, and Pb isotopic composition
analysis

For the analysis, about 60 mg of sample
were weighed in 15 ml Teflon beakers, added
ultra-clean, concentrated HNO; and HF acids
at a 1:2 ratio, and placed on a hotplate at
about 135°C for at least 48 hours. After
evaporation, 1 ml of concentrated HNOj; acid
was added and evaporated repeatedly to
ensure the samples were  dissolved
completely. About 15-20 mg of dissolved
samples were used for elemental extraction.
Sr and Pb were extracted by ca. 50 pul
Eichrom Sr-spec resin in 1 ml quartz tubes as
columns, using diluted HNO; and strong HCI
acids, respectively, as eluants. Nd and Hf
were extracted in 1 ml Eichrom Ln resin bed
in 10 ml quartz columns, using, respectively,
diluted HCl and weak HF-HCI mixture as
eluant (Shinjo et al., 2010; Hoang et al.,
2019). Isotope ratios *’Sr/*°Sr, '"“Nd/***Nd,
Pb/*Ph, *"’Pb/*Pb, and **Pb/™Pb were
analyzed at the Faculty of Physics and Earth
Sciences, University of the Ryukyus, Okinawa,
Japan, using a Neptune Plus
MC-ICP-MS. another set of Lung Po samples
were re-analyzed for isotopic data, including
°Hf/'""Hf isotopic ratios, at the Institute of
Geological Sciences, VAST, using a NU
Plasma 3 MC-ICP-MS for data accuracy
verification. During the lead isotopic analysis,
thallium (T1) was added to the lead solution at
about 1:8 for internal mass-fractionation
correction, and NIST981, a lead standard, was
embedded between samples throughout the
analytical process. This standard was used for
accuracy verification and data correction. The
lead data were reported relative to **’Pb/**'Pb,
*Pb/*Pb, and **Pb/*Pb of NBS981 at
16.938 + 0.0006, 15.493 + 0.0005, and 36.704
+ 0.0016, respectively. Strontium fractionation
was corrected to *°Sr/*Sr = 0.1194, and data
were reported relative to *’Sr/*°Sr = 0.710255
for the NBS987 standard. During the analysis,
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the strontium running procedure was
programmed to minimize the interference
of ¥Kr and *Rb to the data reliability
and accuracy. The 'Nd/'**Nd data were
fractionation corrected to **Nd/"**Nd = 0.7219

"Nd/"*Nd = 0.512115 for the Geological
Survey of Japan JNdi-1 neodymium standard.
The value of '*Hf/'"Hf of IMC475, a hafnium
isotopic standard, showed 0.282136 and was
used for data correction (e.g., Wiedenbeck et

and reported relative to a wvalue of al., 1995). Data are shown in Table 1.
Table 1. Ages, geochemical and Sr-Nd-Hf-Pb isotopic compositions of the Lung Po basalts
Sample LPO-1 LPO-2 LPO-3 LPO-4 LPO-5 LPO-6 LPO-7 LPO-8 LPO-9 LPO-10 |JB-1a (1)|JB-1a (})[+c (n=3)
C::trcil_ 22°43°38.97 [22°43°37.2122°43°37.45722°43°37.477(22°43°37.48.57|22°43°17.247|22°43°17.257| 22°4318” | 22°43°18” | 22°43°18”
103°34°52.47 103°34°51” | 103°34°48” [103°34°41.2 103°34°40.5” | 103°34°40™ [103°34°39.4”|103°34°39”|103°34°38.2”103°34°38.1"
Elevation 440 m 440 m 440 m 440 m 445 m 445 m 445 m 500 m 505 m 510 m
K/Ar age (m.y) 0.81£0.22 0.93 +0.20 0.47+0.14
SiO, 49.54 50.30 49.18 47.61 47.64 49.74 47.93 47.98 50.25 47.54 51.01 | 5241 0.65
TiO, 2.30 2.26 2.34 2.34 2.33 2.32 2.29 2.25 2.25 2.30 1.27 1.28 0.02
ALO; 12.20 12.49 12.85 12.47 12.34 12.29 12.42 12.18 12.24 12.27 13.93 | 14.45 0.09
Fe,05T 10.74 10.74 11.38 11.11 11.08 10.79 11.04 10.61 10.50 10.87 8.76 8.33 0.43
MnO 0.15 0.16 0.16 0.16 0.16 0.15 0.16 0.16 0.14 0.16 0.14 0.15 0.00
MgO 927 7.93 867 894 8.92 9.53 9.5 9.79 9.16 897 | 767 | 783 | 0.08
CaO 8.52 7.99 8.64 9.57 9.54 8.49 9.52 9.16 7.92 9.41 9.09 9.31 0.09
Na,O 2.93 3.13 3.22 3.28 3.10 2.98 3.38 2.56 3.06 291 2.85 2.73 0.05
K,0 2.76 2.84 2.96 2.88 2.90 2.78 2.84 2.82 2.71 2.76 1.38 1.40 0.02
P,0s 0.51 0.50 0.53 0.59 0.59 0.52 0.59 0.55 0.48 0.56 0.25 0.26 0.01
LOI 0.98 1.05 0.00 0.97 1.10 0.00 0.67 1.13 1.02 0.95 3.56 1.84
Total 99.90 99.39 99.93 99.93 99.70 99.60 99.90 99.20 99.73 98.71 99.90 | 99.99
Mgt 64.4 60.8 61.5 62.8 62.8 65.0 63.2 65.9 64.7 63.4
Li 9.8 8.2 9.2 8.4 7.1 9.2 9.3 0.4 4.0 10.8 10.9 11.44 4.7
Be 1.6 1.8 1.6 1.8 1.8 1.5 1.8 0.1 0.5 1.8 1.44 1.42 1.8
Sc 13.9 13.7 12.6 13.6 13.5 12.7 17.9 0.7 6.8 20.8 279 28.11 0.8
\Y 2134 202.2 199.1 2454 242.3 2143 245.5 138.5 129.5 2154 205 [ 214.61 4.5
Cr 299.5 270.9 276.3 218.6 222.6 486.7 219.1 251.4 326.2 226.6 392 [ 40336 2.8
Co 55.3 56.3 54.7 529 52.0 57.5 50.9 523 53.0 50.0 38.6 38.41 0.5
Ni 241.0 371.0 352.3 189.3 189.3 248.5 164.8 216.2 268.2 199.5 139 [ 13691 1.5
Cu 78.6 1552 149.5 78.5 753 86.5 69.2 76.9 912 78.7 56.7 56.87 0.3
Zn 123.7 119.8 129.1 118.5 116.2 127.1 122.2 118.4 127.1 116.9 82.1 90.33 9.1
As 0.65 0.54 0.65 0.96 0.84 0.75 0.74 1.08 0.07 0.61
Rb 41.2 45.0 442 56.2 104.6 42.9 71.6 634 87.2 99.8 392 39.32 0.3
Sr 522.7 474.8 494.4 629.7 579.0 521.9 651.4 606.2 573.4 667.8 442 | 447.67 1.3
Y 225 26.9 224 24.1 23.0 23.8 25.8 25.0 27.7 27.7 24 24.01 0
Zr 205.3 196.3 195.9 209.2 202.2 220.4 2145 223.5 2239 212.7 144 | 140.89 2.2
Nb 534 49.0 484 635 62.7 55.3 633 584 52.6 592 | 269 | 2875 | 64
Mo 1.64 2.03 1.98 3.30 3.25 2.48 3.19 3.58 1.24 2.87 1.57 1.62 2.8
Cd 0.14 0.15 0.13 0.14 0.13 0.15 0.14 0.15 0.14 0.16 0.1 0.09 1.4
Sn 2.52 2.53 2.49 2.40 2.40 2.64 2.39 2.63 291 2.55 - - -
Cs 0.19 0.15 0.11 0.31 0.29 0.20 0.47 0.60 0.44 0.97 1.31 1.26 3.8
Ba 610.8 662.8 614.4 827.0 895.1 646.7 902.9 745.6 633.0 811.3 504 [ 501.80 0.4
La 25.27 30.74 27.03 34.79 33.82 26.38 36.69 32.73 2747 3541 37.6 | 37.80 0.5
Ce 5241 52.98 55.59 69.78 67.94 55.26 71.82 65.39 53.99 70.05 65.9 66.91 1.5
Pr 6.68 7.59 7.10 3.49 8.30 7.02 3.68 8.17 7.32 3.64 73 | 695 5
Nd 28.03 31.31 29.36 33.51 32.95 29.06 34.32 33.17 31.10 34.85 26 26.32 1.2
Sm 6.57 7.24 6.73 7.25 7.14 6.93 7.35 7.41 7.60 7.73 5.07 5.01 1.1
Eu 1.90 2.07 1.91 2.08 2.04 2.00 212 2.14 2.19 227 1.46 1.48 1.5
Gd 5.55 6.26 5.77 6.11 5.98 5.88 6.19 6.28 6.43 6.51 4.67 4.74 1.5
Tb 0.78 0.88 0.80 0.83 0.82 0.82 0.84 0.88 0.94 0.92 0.69 0.71 33
Dy 4.04 4.56 4.07 4.24 4.16 4.24 4.33 4.71 5.04 491 3.99 4.17 4.4
Ho 0.64 0.72 0.65 0.68 0.67 0.67 0.70 0.77 0.80 0.79 0.71 0.83 14.1
Er 1.75 1.97 1.74 1.89 1.83 1.82 1.96 2.13 2.25 2.27 2.18 2.25 3.2
Tm 0.24 0.26 0.24 0.26 0.25 0.25 0.27 0.30 0.31 0.31 0.33 0.33 1.6
Yb 1.42 1.57 1.41 1.56 1.53 1.50 1.64 1.79 1.85 1.92 2.1 2.08 0.8
Lu 0.21 0.23 0.21 0.23 0.22 0.22 0.24 0.27 0.27 0.29 0.33 0.31 6.4
Hf 3.93 3.91 3.83 3.92 3.87 4.08 391 4.62 4.90 4.68 3.41 3.52 32
Ta 3.01 2.82 2.75 3.49 345 3.13 3.44 3.67 3.36 3.78 1.93 1.90 1.8
w 0.52 0.60 0.34 0.98 1.05 0.66 0.92 1.12 0.26 0.96 - - -
Pb 3.09 3.26 3.30 3.19 3.16 2.98 3.60 4.23 3.71 4.23 6.76 6.60 2.4
Th 2.63 2.56 2.49 3.49 3.30 2.59 3.92 4.18 3.59 4.81 9.03 9.15 1.3
u 0.77 0.64 0.75 0.82 0.78 0.72 0.78 0.88 0.71 0.83 1.57 1.61 2.7

() The Geological Survey of Japan’s recommended values; () this study’s analysis
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Sample | LPO-1 LPO-2 LPO-3 LPO-4 LPO-5 LPO-6 LPO-7 | LPO-8 | LPO-9 | LPO-10
¥Sr/*°Sr | 0.706033 | 0.706388 | 0.706383 | 0.70588 | 0.706057 | 0.705999 | 0.706272 [0.706077| 0.705974 | 0.705910
26 0.00002 | 0.00001 | 0.00002 | 0.00002 | 0.00003 | 0.00002 | 0.00002 | 0.00002 | 0.00002 | 0.00002
¥7Sr/*°Sr* | 0.706023 | 0.706388 | 0.706428 | 0.705893 | 0.706057 | 0.706006 | 0.706236 |0.706099| 0.705995 | 0.705914
+26 0.000008 | 0.000009 | 0.000007 | 0.000007 | 0.000009 | 0.000007 | 0.000009 |0.000009| 0.000010 | 0.000008
"SNd/™Nd| 0.512645 | 0.512627 | 0.512593 | 0.512644 | 0.51263 | 0.512621 | 0.512593 [0.512565] 0.512644 | 0.512627
+26 0.000011 | 0.000011 | 0.000010 | 0.000009 | 0.000009 | 0.000010 | 0.000007 |0.000011| 0.000011 | 0.000013
End 0.14 -0.21 -0.88 0.12 -0.16 -0.33 -0.88 -1.42 0.12 -0.21
BNd/™Nd* 0.512634 | 0.512609 | 0.51259 | 0.512636 | 0.512623 | 0.512628 | 0.51261 [0.512586] 0.512652 | 0.512631
+26 0.000007 | 0.000007 | 0.000008 | 0.000008 | 0.000007 | 0.000009 | 0.000007 |0.000008| 0.000008 | 0.000007
Eng® 0.14 -0.21 -0.88 0.12 -0.16 -0.33 -0.88 -1.42 0.12 -0.21
2°pp/2%ph | 18.4051 | 18.4043 | 18.4145 | 18.3351 18.3127 | 18.4091 | 18.3440 | 18.4125 | 18.4003 | 18.3403
+26 0.0004 | 0.0004 0.0003 0.0004 0.0005 0.0003 0.0004 | 0.0005 | 0.0006 0.0004
200pp2%%ppx| 18,412 18.411 18.421 18.342 18.319 18.416 18.351 18.396 | 18.408 18.337
+26 0.0004 | 0.0004 0.0003 0.0004 0.0005 0.0003 0.0004 | 0.0003 | 0.0004 0.0005
27pb/ 2P | 15.6296 | 15.6406 | 15.6387 | 15.6279 | 15.6266 | 15.6348 | 15.6323 | 15.6285 | 15.6196 | 15.6201
+26 0.0005 | 0.0005 0.0004 0.0005 0.0005 0.0005 0.0005 | 0.0005 | 0.0006 0.0004
27pp2%ph*| 15.6239 | 15.6327 | 15.6301 | 15.6170 | 15.6161 15.6219 | 15.6207 | 15.6285 | 15.6196 | 15.6201
+26 0.0003 | 0.0003 0.0003 0.0004 0.0005 0.0002 0.0004 | 0.0005 | 0.0006 0.0004
28pp/2%Ph | 38.8067 | 38.9089 | 38.9223 | 38.8391 | 38.8212 | 38.9335 | 38.8743 |38.9238 | 38.8418 | 38.8466
+26 0.0014 | 0.0013 0.0013 0.0015 0.0015 0.0014 0.0013 | 0.0017 | 0.0017 0.0011
28pp/2ph*| 38.8547 | 38.8825 | 38.8878 | 38.7885 | 38.7753 | 38.8737 | 38.8304 |38.9238 | 38.8418 | 38.8466
26 0.0008 | 0.0009 0.0007 0.0009 0.0011 0.0007 0.0011 |0.00112 | 0.0011 0.0007
eHE/"HE*| 0.282993 | 0.283008 | 0.282974 | 0.282948 | 0.283025 | 0.282988 | 0.282918 - - 0.283049
26 0.000004 | 0.000003 | 0.000004 | 0.000003 | 0.000003 | 0.000003 | 0.000004 0.000006
e 7.34 7.89 6.69 5.76 8.49 7.19 4.70 9.34

(*) Data acquired at the Institute of Geological Sciences, VAST, using a NU Plasma 3 MC-ICP-MS;
eur = [(TOHE T Hf gpie)/(T°HE " Heepyur)-11%10°, where '7°Hf/'"Hfyyg (Chondrite Uniform Reservoir) = 0.28278
(after Bouvier et al., 2008); exg = [(‘*Nd/"*Ndgmpie)/( PN/ **Ndegur)-11%10°, where '"*Nd/"*Ndcyur = 0.512638
(after DePaolo and Wasserburg, 1976)

4. Analytical results

4.1. Major element compositions

Lung Po basalts, aged from about 0.93 to

[ North Tibet post-
[ collision magmas

Y

Maguan
16-0 Ma(

S Tibet 23 Ma magmas

O

0.47 Ma, are classified as alkali basalt or
trachy-basalt in the TAS (total alkali - SiO,)
diagram of Le Bas et al. (1986) (Fig. 3). They
have medium SiO, concentration, from 47.5
to 50.5 (wt.%) with Na,O + K,O ranging from
about 5 to 6 and Na,O/K,0 being about 1.
Compared to 12-0 Ma basalts from the
Maguan and nearby areas (e.g., Wang et al.,
2001; Flower et al., 2013), about 60-80 km
north, Lung Po basalts' total alkaline contents
are much lower, although their SiO,
concentrations are about similar. Lung Po
magmas have higher SiO, contents and
slightly higher total alkaline oxides than
contemporaneous, representative  alkaline
basalts from Vietnam Western Highlands
(Hoang et al., 2019).

22

S Tibet
19-10 Ma

ey
s
, b

65 70

° 40 4‘5 5I0 5]5 éO
SO, (wt.%)
Figure 3. Na,0O+K,0 vs. SiO, (TAS) classification
diagram for the Lung Po basalts (filled square) (e.g.,
Le Bas et al., 1986), plotted are Vietnam's Western
Highlands Pleistocene tholeiite (gray cross) and
alkaline basalt (pink cross; Hoang et al., 2019), and
SE I-MORB (empty circle; Neal et al., 2002); also
plotted for reference are data field of North Tibet
42-24 Ma high-K magmas (Guo et al., 2006), South
Tibet 23 and 19-10 Ma magmas (Liu et al., 2014),
and Dali-Lijiang 42-24 high-K magmas and
Maguan 12-0 Ma basalts (after Wang et al., 2001)

75



Nguyen Hoang et al.

Lung Po basalts are relatively magnesian,
with MgO ranging from 8 to 10 (wt.%),
partially overlapping some of the 12-0 Ma
Maguan samples, and are about in the same
range as Vietnam Western Highlands' alkaline
basalts (Fig. 4). Other post-collision magmas
such as high-K rocks from northern (Guo et
al., 2006) and southwestern Tibet (Liu et al.,
2014), and 42-24 Ma Dali-Lijiang (western
Yunnan) (Wang et al., 2001; Flower et al.,
2013), having MgO from <ca. 9 to
1 (wt.%) corresponding to a SiO, range from
ca. 45 to 72 (wt.%), show negative correlation
between MgO and SiO,, suggesting fractional
crystallization and the involvement of crustal
material in their formation and evolution is
significant (e.g., Guo et al., 2006; Wang et al.,
2001; Liu et al., 2014; Zhang et al., 2017).
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Figure 4. Lung Po basalts with high MgO (wt.%)
and relatively low SiO, (wt.%) partially overlap
the Maguan 12-0 Ma basalts and a few samples

from North Tibet post-collision high-K mafic
rocks. Sources of reference data fields are as in
Fig. 3

4.2. Trace element compositions

The distribution curve of trace element-
normalization to the primitive mantle of the
Lung Po basalts is of oceanic island basalt
(OIB) type (after Sun and McDonough, 1989)

(Fig. 5a) except a minor peak at Pb and a

trough at Th and U. The chondrite rare earth
element normalization configuration is
OIB-like with light rare earth element (LREE)
smoothly descending to heavy (H) REE
(Fig. 5b) with a Lung Po basalts' La/Yb ratio
average ca. 20 compared to the North Arch
(Hawaii  Islands) mantle plume-related
alkaline basalts at 19.5 (Frey et al., 2000) and
an average of representative alkaline basalts
from Vietnam Western Highlands at 24
(Hoang et al., 2019).

100 4%

-
(=]
1

Sample/Primitive Mantle

| (@)

100 + =%

Sample/Chondrite

" (b)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 5. (a) The primitive mantle trace element
normalization patterns for the Lung Po basalts,
except for the Th and U troughs, are essentially
oceanic island basalt-type (normalizing data are
1989); (b) The
chondrite rare earth element (REE) normalization

from Sun and McDonough,

configuration of the Lung Po basalts shows a sharp
decrease from the light (L)-REE to middle (M-)
and heavy (H-) REE, reflecting a significant
depletion of HREE relative to LREE (after Sun
and McDonough, 1989)
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4.3. Sr-Nd-Hf-Pb isotopic compositions
4.3.1. Plots of87Sr/86Sr VS. End

The strontium isotopic ratios (*’Sr/**Sr) of
the Lung Po basalts are high, from 0.706 to
0.7065, coupling with low '¥Nd/'*‘Nd
(expressed as eng), plotting in the enriched
mantle quadrant (Fig. 6). The high *’Sr/*°Sr
and low 'PNd/'*Nd isotopic ratios make
Lung Po basalts the most isotopically enriched
post-collision basalt in Vietnam (Hoang et al.,
1996). The 12-0 Ma Maguan basalts (after
Wang et al.,, 2001) plot between southeast
Indian Mid-Ocean Ridge Basalt (SE
I-MORB) (after Mahoney et al., 2002) and
enriched Lung Po basalts, partially
overlapping the Western Highlands' alkaline
and tholeiitic basalts. Note that the
isotopically enriched Lung Po basalts are
much 'depleted' relative to north and south,
southwest Tibet post-collision, and Dali-Jiang
high-K volcanic rocks (after Guo et al., 2006;
Liu et al., 2014; Zhang et al., 2017; Wang
et al., 2001), which extend to strongly to the
field of enriched mantle type 2 (EM2) or

10

continental crust (CC) (e.g., Zindler and Hart,
1986) (see insert in Fig. 6).

4.3.2. Plots of *“"Pb/""Pb vs. >’ Pb/""Pb and
2% pb/ " Ph

Lung Po basalts have higher **’Pb/***Pb
and *®Pb/**Pb isotopic ratios at the same
2%pp/2%Ph ratios than 12-0 Ma Maguan,
Vietnam Western Highlands alkaline, and
tholeiitic basalts (Table 1). They plot between
low-""Pb/*Pb  SE I-MORB and high-
206pp/**Ph Tibet high-K post India-Eurasian
collision magmas and above the Northern
Hemisphere Reference Line (NHRL, after
Hart, 1988) (Fig. 7a-b), while some samples
of 12-0 Ma Maguan and Vietnam Western
Highlands basalts plot in the SE -MORB lead
isotopic field. The high *“’Pb/**Pb and
2%pp/2%Ph relative to “*°Pb/**Pb isotopic
ratios was defined as Dupal anomaly, believed
to reside in the Indian ocean mantle (Hart,
1984), although it was reported in East and SE
Asian basalt (Tu et al., 1991; Tatsumoto and
Nakamura, 1991; Tatsumoto et al., 1992;
Hoang et al., 1996).
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Figure 6. Plots of ¥St/**Sr vs. exg show the Lung Po Pleistocene basalts are much more EM2 enriched
than Vietnam's contemporaneous Western Highlands and Maguan basalts; however, they all are much
depleted than the Tibet 42-24 Ma high-K magmas (inserted diagram). The SE I-MORB data are from
Mahoney et al. (2002). The other sources of data fields are as in Fig. 3. The mantle isotopic components
(EM1: enriched mantle type 1, EM2: enriched mantle type 2; DM: depleted mantle) are after Zindler and
Hart (1986)
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Figure 7. Plots of *°Pb/***Pb vs. 2’Pb/**Pb (a) and “"°Pb/***Pb vs. ***Pb/***Pb (b) show the Lung Po
Pleistocene basalts are higher 2’Pb/”**Pb and **Pb/***Pb at the same ***Pb/**Pb than other regional
contemporaneous basalts. Sources for reference data fields are as in Fig. 2. NHRL (Northern Hemisphere
Reference Line) is after Hart (1988) based on Pacific MORB (after White et al., 1987)

4.3.3. Plots of ena vs. &ur

Plots ey versus eng are shown along with
data from south-central Vietnam 6-1 Ma
basalts (Richard et al., to be published;
Nguyen Hoang unpublished data) (Fig. 8) and
data field of the EVS/SCS (after Zhang et al.,
2018); these data plot along the terrestrial
array. The Lung Po basalts having lower eng
values, thus are more enriched relative to the
south-central and EVS-MORB basalts; they
plot to the left of the terrestrial array line,
inclining more toward the field of enriched

type 2 (EM2) component.
30
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Figure 8. Plots of eyr vs. eng show the Lung Po

basalts

(expressed by

are

more

ENd)

enriched
relative

in
to

143Nd/144Nd
176Hf/l77Hf

(expressed by epr) incline to field of enriched
mantle (EM) but in the terrestrial array (modified
after Jones et al., 2019). Also plotted are south-
central Vietnam 6-1 Ma basalts
(Hoang N., unpublished data; Richard et al., to be
published) and EVS/SCS mid-ocean-ridge basalt
(MORB) (Zhang et al., 2018) for reference

5. Discussions
5.1. Effect of crustal contamination

All Lung Po samples exhibit elevated
¥7S1/*Sr (reaching up to 0.7064) and depleted
"IN d/"**Nd ratios (about 0.5126), and notably
high **Pb/***Pb, **’Pb/***Pb, and ***Pb/***Pb
ratios (Figs. 6, 7a-b) are usually considered
crustal contamination or interaction with the
wall-rock during magmas' passage through the
lithosphere. Crustal contamination results in
higher concentrations of large-ion lithophile
elements such as Ba, Rb, Sr, etc., and high
Si0; (Rudnick and Fountain, 1995) relative to
high-field strength elements such as Nb, Ta,
Zr, and Ti (Gill, 1981; McLennan, 2001). The
presence of crustal contamination is exhibited
by positive correlations observed between
Sr/*°Sr,  *°Pb/™Pb,  *“’Pb/**Pb, and
208pp2%pY ratios with elements such as Si0,,
Ba, Ba/Nb, Ba/Zr, etc.
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Despite having high *’Sr/**Sr ratios, Lung
Po basalts show low Ba/Nb, ranging from 10
to 14. These values are slightly higher than

the primitive mantle (9.7, Sun and
McDonough, 1989) but much lower than the
Upper continental crust (UCC) (22;

McLennan, 2001), and significantly lower
than typical subduction zone magmas (98;
Kimura and Yoshida, 2006) (Fig. 9). The
Ba/Nb ratios in Lung Po basalts are also
considerably lower than those in the post-
collision high-K magmas of North and South
Tibet and Dali-Lijiang, which range from
approximately 50 to 300 and are associated
with ¥Sr/*Sr ratios of 0.708 to 0.740. These
higher ratios have been interpreted as
evidence of crust contamination or
interaction with crustal melts (after Wang
et al., 2001; Guo et al., 2006; Flower et al.,
2013; Liu et al., 2014; Zhang et al., 2017)
(insert in Fig. 9). In summary, the Lung Po
basalts, along with nearby Maguan 12-0 Ma
magmas, which have Ba/Nb ratios less than 8
and relatively depleted *'Sr/*°Sr ratios
(0.703-0.705), do not appear to be crustally
contaminated (Fig. 9). Additionally, plots of
gur versus &ng align with the terrestrial line,
suggesting that these magmas are mantle-
derived with minimal influence from crustal
material (Fig. 8).

On a Ce/Pb vs. Ce concentration diagram
(Fig. 10) the data field of Lung Po basalts
plots in the Maguan 12-0 Ma magma's field
and almost overlaps that of the representative
Vietnam Western Highlands alkaline basalts.
They are all embedded in SE I[-MORB,
defining a mantle-derived magma trend. They
plot above a field of arc volcanic rocks,
average continental crust (CC), and a bulk
earth silicate value (Fig. 10). The North and
South Tibet post-collision 42-24 Ma magmas,
on the other hand, plot separately to the side
of low Ce/Pb ratios and high Ce
concentrations, implying significant crustal
influence (Rudnick and Fountain, 1995;
McLennan, 2001).
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Figure 9. Correlation between ’Sr/**Sr and Ba/Nb
shows Lung Po and Maguan basalts do not
correlate positively with Ba/Nb, suggesting no
apparent crustal contamination. In contrast, North
Tibet high-K magmas display high Ba/Nb,
reflecting the influence of hydrous fluids, while
South Tibet magmas with very high ®*’Sr/*°Sr,
suggesting crustal melt influence (inserted
diagram). Sources of data fields are as in Fig. 2.
See text for explanation

100

CelPb

0.1

1 10 100 1000
Ce (ppm)

Figure 10. Plots of Ce/Pb vs. Ce for volcanic rocks
from various tectonic settings showing Lung Po
along with Maguan, Vietnam's Western Highlands,
SE I-MORB and Hawaiian (after Norman and
Garcia, 1999) magmas plot in the mantle-derived
field separated from subduction-related (Kimura
and Yoshida, 2006) and crustal related, e.g., Bulk
Silicate Earth and Continental Crust (CC) (after
Rudnick and Fountain, 1995; McLennan, 2001)
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5.2. Asthenosphere or lithospheric mantle
sources?

The lithospheric mantle is characterized by
its rigidity, coldness, dryness, and refractory
nature. Despite these properties, it can
produce basaltic melts under -elevated
temperature conditions, decompression, and
hydrous volatiles (e.g., Griffin et al., 2009; see
Workman and Hart, 2005). Basalts derived
from the lithospheric mantle tend to be
relatively depleted in Fe, Ti, Ca, Na, and
incompatible elements such as large ion
lithophile elements (LILE), high field strength
elements (HFSE), and light rare earth
elements (LREE). They also show a higher
Mg-number for a given MgO content than
those derived from fertile mantle sources
(Hawkesworth et al., 1993; Turner and
Hawkesworth, 1995) (Fig. 11).

Experimental studies on mantle peridotites
have shown that, across a range of pressure-
temperature (P-T) conditions and degrees of
melting, the resulting melts typically contain
less than 2.25 wt.% TiO, (Hirose and Kushiro,
1993; Kushiro, 1996). Moreover, melting
mantle peridotite alone cannot account for
high-Ti oceanic island basalt (OIB) (Prytulak
and Elliot, 2007). In contrast, melting
experiments on mantle garnet pyroxenite
produce melts with higher TiO, content,
reaching up to 2.5 wt.% at 2.5 GPa and
1455°C (Hirschmann et al, 2003). In
explaining the isotopic variability in OIB,
Prytulak and Elliot (2007) estimate that small
amounts (~1-10%) of recycled mafic crust
melt incorporated in a mantle peridotite melt
can account for all the geochemical
constraints, including TiO,. Since the mafic
crust melts at greater depths than the
surrounding peridotite, small-degree melts
formed beneath the thick lithosphere are more
likely to incorporate this enriched material.
However, recycled mafic crust may not cover
the whole range of isotopic ratios in OIB.
Therefore, subordinated components such as

sediments or metasomatic veins are
sometimes necessary (Prytulak and Elliot,
2007; e.g., McKenzie et al., 2004).
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Figure 11. Plots of Mg# [=100 x (Mg/(Mg +
Fe*")] vs.TiO, shown are fields of crustally
influenced North and South Tibet post-collision
42-24 Ma high-K magmas (after Wang et al,,
2001; Guo et al., 2006; Liu et al., 2014). Mantle-
derived references include SE I-MORB, Hawaiian,
and North Arch magmas (Norman and Garcia,
1999; Frey et al., 2000), Lung Po, Maguan, and
Vietnam's Western Highlands basalt. See text for
explanations

The Lung Po basalts, with high LILE,
HFSE, LREE, and TiO, contents, are
essentially OIB type. This geochemistry
means that they are most likely produced by a
fertile and enriched asthenosphere source,
possibly with the participation of a Ti-rich
material.

Wang et al. (2002) compiled geochemical
data of basalts from Basin and Range (SW
USA), identifying relationships between Feg,
[Tb/Yb]n, and melting pressure, proposing a
line distinguishing garnet- and spinel
peridotite melting fields. Furman et al. (2004)
applied this model to the East African Rift
System (EARS), suggesting that high-Ti
magmas with high [Tb/Yb]y ratios formed
with residual garnet, while low-Ti magmas
with lower [Tb/YDb]y ratios formed without it.
The Lung Po basalts, aligning with the
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Vietnam Western Highlands alkaline basalts,
fit within the garnet peridotite melting field,
with high [Tb/Yb]y and [La/Sm]y ratios
similar to Ethiopian and Kenyan Rift basalts
(Fig. 12).
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Figure 12. Plots of [La/Sm]y vs. [Tb/Yb]y for the
Lung Po (filled square) and Maguan 16-0 Ma
basalts (gray filled diamond), and 42-24 Ma
high-K magmas (green filled diamond) (after
Wang et al, 2001). Mantle plume-derived
Ethiopian and Kenyan fields are from Furman et
al. (2004), Vietnam's Western Highlands (WH)
tholeiitic and alkaline basalts are from Hoang et al.
(2019). Data for SE Indian MORB are from Neal
et al., 2002. In theory, except for the MORB, all
the plotted basalts were derived from the field of
garnet peridotite melting. Chondrite normalizing
data are from Sun and McDonough (1989)

Flower et al. (2013) examined potassic
magmas in the Dali-Lijiang (ca. 40-30 Ma)
and Maguan (5-0 Ma) areas, suggesting that
older magmas resulted from adiabatic melting
of a crustally contaminated asthenosphere,
including a hydrated mélange of continental
lithospheric mantle (CLM) and delaminated
lower crust, enriched by metasomatic melts of
subducted continental crust - a mechanism
further supported by Zhang et al. (2017). In
contrast, the younger intraplate-type basalts
and  basanites were attributed  to
decompression melting of a thermally
anomalous, K-rich asthenosphere, which was
triggered by  regional  post-extrusion
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transtension. This transtension coincided with
the cessation of the Indochina escape and
adjoining seafloor spreading and was
synchronous with widespread intraplate
basaltic activity across east and southeast Asia
(Flower et al., 2013; e.g., Hoang and Flower,
1998).

To explain the genesis of the 42-24 Ma
Dali-Lijiang potassic magmas, Flower et al.
(2013) proposed two models, both of which
involve the interaction between delaminated
and hydrated continental lithospheric mantle
(CLM) and lower crust with convecting
asthenosphere,  following  Indo-Eurasian
collision-related processes. This interaction is
thought to account for the coexistence of
'enriched' (e.g., potassic and ultrapotassic) and
'depleted' (intraplate type) magmas, a theory
supported by tomographic and seismic
attenuation investigations in western Yunnan
(Liu et al., 2000) and the Vrancea 'bend zone'
of the Carpathians (Russo and Mocanu, 2009).
Given the nature of Lung Po basalt
enrichment and corresponding  seismic
tomographic evidence under the region (e.g.,
Phan et al., 2012; Yang et al., 2021; Li et al.,
2023; Zhou et al., 2023) it is plausible that
similar geodynamic models could explain the
Lung Po volcanism.

Further  evidence  supporting  this
geodynamic model comes from studying
enriched spinel lherzolite xenoliths in Maguan
12-0 Ma alkaline basalts located about 60 km
north of Lung Po. These xenoliths, containing
more than 15 vol.% clinopyroxene and olivine
forsterite up to 90, revealed two-pyroxene
geothermometry temperatures from
1029°C to 1148°C. Their spinel-olivine
geothermobarometry indicates an oxidation
state from FMQ (fayalite-magnetite-quartz)
-1.5 to -0.25, with an average of FMQ -0.59,
values comparable to those found in abyssal
peridotite and asthenosphere (Xie et al,
2021). Since the Proterozoic subcontinental
lithospheric mantle (SCLM) mainly underlies
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the South China Block, these findings suggest
that the ancient refractory lithospheric mantle
was replaced by an asthenospheric mantle in
localized extensions along the southeastern
ASRR shear zone (Wang et al., 2001; Flower
et al., 2013; Liu et al., 2013; Xie et al., 2021;
e.g., Phan et al., 2012; Li et al., 2023; Zhou
et al., 2023).

5.3. The Lung Po basalts' melting depths

Determining the conditions for melt
generation requires the chemical composition
of the primary melts, which have typically
undergone fractional crystallization before
eruption. In the Lung Po basalts, olivine is the
only phenocryst present (Fig. 2), with the
whole rock MgO contents ranging from about
8 wt% to 10 wt% and Mg-number
[(Mg/(Mg+Fe™)] between 58 to 62. These
values are consistent with equilibrium
conditions for olivine forsterites with
compositions ranging from 81.5 to 84.5, as
calculated wusing a partition coefficient
Kreme ™ = 0.30 (e.g., Roeder and Emslie,
1970). These forsterite compositions suggest a
moderate degree of olivine fractional
crystallization, assuming a maximum olivine
forsterite content of 90 (Yamashita and
Tatsumi, 1994; Putirka, 2008).

Petrologists have computed primitive melt
compositions using the olivine addition
method (e.g., Yamashita and Tatsumi, 1994;
Putirka, 2008; Hoang et al., 2019). For basalt
samples with MgO greater than 8 wt%, there
is no evidence of clinopyroxene or plagioclase

fractionation, but only olivine. This study
applied crystallization modeling using olivine-
and glass-based thermometers from Putirka
(2008), adding olivine until the final forsterite
reached 89-90% and the melt's MgO reached
14-15 wt%, provided these conditions met an
equilibrium Fe/Mg partition coefficient of
<0.3 + 0.03 between the whole rock and the
olivine phenocryst (see Hoang et al., 2019 for
details). The resulting primitive melt
compositions are presented in Table 2 and
illustrated in Fig. 13.
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Figure 13. Plots of (wt.%) SiO, vs. FeO of the
Lung Po basalts (black square) and their primitive
melts' chemical compositions (gray square)
calculated after Putirka (2008). The experimental
peridotite melting pressures of fertile peridotite
HK-66 and refractory KBL-1 are after Hirose and
Kushiro (1993). Arrows indicate progressive
partial melting from low- to high temperature and
pressure. Except for a few samples in upper corner
of 10-15 kilobars (kb) field, most 'primitive' Lung
Po basalts plot in the 20-25 kb field

Table 2. Chemical compositions of the Lung Po computed primitive melts

Sample | SiO, | TiO, | AlL,O; | Fe,O3 FeO MnO | MgO CaO | Na,O K,O | P,Os | Total
LPO-1 |48.92| 2.04 | 10.83 1.43 9.55 0.14 14.02 | 7.57 2.61 245 | 045 | 100
LPO-2 (4929 | 1.90 | 10.52 1.36 9.81 0.13 14.82 | 6.73 2.64 239 | 042 | 100
LPO-3 |47.77| 1.95 10.75 1.43 10.11 0.14 15.01 7.23 2.69 2.48 0.45 100
LPO-4 [46.92 | 2.00 | 10.64 1.42 9.91 0.14 15.04 | 8.17 2.80 245 | 0.51 100
LPO-5 | 47.09 | 1.99 | 10.56 1.42 9.92 0.14 15.05 | 8.17 2.65 249 | 0.51 100
LPO-6 |48.72 | 2.02 | 10.73 1.41 9.51 0.13 14.56 | 7.42 2.60 243 | 045 | 100
LPO-7 |[47.16 | 1.97 | 10.68 1.42 9.81 0.14 14.79 | 8.18 291 244 | 0.51 100
LPO-8 | 4791 | 2.02 10.91 1.43 9.46 0.15 14.61 8.20 2.30 2.53 0.49 100
LPO-9 [49.55| 1.99 | 10.79 1.39 9.38 0.13 1429 | 6.98 2.70 239 | 042 | 100
LPO-10 | 47.43 | 2.01 10.71 1.42 9.81 0.14 14.84 | 8.21 2.54 2.41 0.49 | 100
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The relationship between FeO and SiO; in
computed primitive melts and their erupted
counterparts suggests that most tholeiitic
basalts from the Vietnam Western Highlands
formed within the 10-15 kb range of HK-66
melting, while the corresponding alkaline
basalts formed within the 20-25 kb to 30 kbar.
Several samples from Lung Po fall within the
15 kbar field while the remainder cluster near
the 20-25 kbar field (Fig. 13), indicating that
Lung Po basaltic melts were likely produced
in the spinel-bearing melting field (Fig. 12)
regardless  of  their  trace  element
characteristics suggesting their generation was
in garnet-bearing field (Fig. 12). Robinson
and Wood (1998) demonstrated that the
spinel-garnet transition in mantle peridotites
occurs at about 22 kbar, characterized by
'crossing' REE patterns. However, most Lung
Po basalts were generated at pressures lower
than 25 kbar, possibly within the spinel or
spinel-garnet transition zone rather than in a
strictly garnet-bearing melting field (e.g.,
Robinson and Wood, 1998). This apparent
contradiction may be resolved if a high-
pressure peridotite body intruded into the
shallow mantle, followed by adiabatic
decompression melting. However, mixing a
small amount of recycled mafic crust melt
with a deep-mantle (spinel or garnet)
peridotite, as discussed above, could also have
produced the Lung Po magmas (e.g.,
Hirschmann et al., 2003; Prytulak and Elliot,
2007).

5.4. The origin of mantle source enrichment
beneath the Lung Po area

Elevated strontium (Sr) and lead (Pb),
along with lowered neodymium (Nd) isotopic
ratios in basaltic rocks compared to typical
mantle-derived  basalts, suggest multiple
origins and evolutionary paths for the basalt.
Potential  explanations include various
scenarios as follows. Basaltic magma may
interact with, assimilate, or incorporate
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enriched components from the continental
crust during its ascent. This process often
results in higher Sr and Pb isotopic ratios and
increased incompatible elements such as Ba,
Rb, Th, and U (Zindler and Hart, 1986;
Rudnick and Fountain, 1995). During its
ascent, the basaltic melt can assimilate older
basaltic material, such as trapped magmatic
melts in the subcontinental lithospheric
mantle (SCLM) (Carlson and Irving, 1994;
Byerly and Lassiter, 2012; Hobbs et al., 2023;
Hauzenberger et al, 2024). Ancient
geological events can cause specific mantle
regions to exhibit distinct isotopic signatures
(Hart, 1988; Chavel et al., 1992; Hofmann,
2013). Interactions between basaltic melts and
fluids from subducting slabs or sediments can
elevate Sr and Pb isotopic ratios and
contribute to mantle metasomatism (Tatsumi
et al., 2005; Castillo, 2015; Castillo et al.,
2018; Zhang et al., 2022).

As discussed in Section 5.1,
contamination is considered less
(Figs. 5a, 9, 10).

5.5. The deep mantle heterogeneity and
isotopic mixing

crustal
likely

The deep mantle, a crucial part of the
Earth's  structure, lies  beneath  the
subcontinental lithospheric mantle (SCLM)
and extends to the core-mantle boundary.
With their consistent trace element patterns
and lower concentrations of incompatible
elements, rocks from this region provide
valuable insights, indicating minimal
influence from the crust. The SCLM and deep
mantle, despite their proximity, differ
significantly in isotopic and trace element
compositions, with the deep mantle showing
less pronounced variations (Hart, 1988;
Stracke et al., 2005; White, 2010; Hofmann,
2013; Tian et al., 2023; Choi et al., 2024; after
Zhao et al., 2021).

Various studies suggest a close link
between mantle heterogeneity and subducted
crustal materials (Hart, 1988; Barling and
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Goldstein, 1990; Mahoney et al, 2002;
Stracke et al., 2005; Hofmann, 2013; Castillo
et al., 2018). For instance, Qian et al. (2020)
observed that the subducted oceanic
lithosphere under the East Vietnam Sea
(EVS/SCS) contributes to wupper mantle
heterogeneity as recycled crustal material
(Qian et al., 2020, 2022). Further evidence of
regional mantle heterogeneity comes from
Tian et al. (2023), who used seismic data to
identify reductions in shear velocity due to
trapped  subducted water and lower
continental crust introduced by proto-EVS
plate subduction (Tian et al., 2023; after
Taylor and Hayes, 1983). The recent
development of zinc isotope analysis has
further enriched our understanding, offering a
valuable method for detecting recycled
subducted carbonate in the deep mantle.

The use of Zn isotope to detect recycled
sediments in the deep mantle was explained as
follows. Carbonates, the primary carbon
storage on Earth's surface, can be carried into
the mantle through subduction. However,
finding evidence of these surface carbonates
deep in the mantle has been challenging. Ocean
island basalts from the Cook-Austral Islands
and St. Helena Island, known as HIMU basalts
due to their high uranium-to-lead ratios, are
believed to come from mantle plumes
originating deep in the lower mantle. The
HIMU lavas have unusually high 8°°Zn values,
higher than most oceanic basalts, indicating
that their source includes recycled surface
carbonates with heavier isotopes. When the
oceanic  lithosphere  subducts,  surface
carbonates mix with basaltic crust and melt in
the deep mantle, creating carbonatite melts that
alter the surrounding mantle. This altered,
carbonated mantle eventually forms a high-
8%zZn HIMU source. Thus, the high §%°Zn
values in HIMU basalts prove carbonates can
be transported deep into Earth's mantle (Zhang
et al., 2022; Cao et al., 2024; after Castillo,
2015, and Castillo et al., 2018).

Using the isotopic mixing equation by
Langmuir et al. (1978) and geochemical and
isotopic data from the literature, mixing
between an EM2 and a series of depleted
mantle sources (Indian and Pacific MORB-
like) may explain the composition of tholeiitic
basalts from Vietnam's Western Highlands
(labeled gray cross in Fig. 14) and many post-
collision high-K magmas in the ASRRS zone
(Line B in Fig. 14). The Lung Po basalt, with
high strontium and low coupling neodymium
isotopic ratios, shows moderate **°Pb/***Pb
lead isotopic ratios, ranging from 18.3 to 18.4
(Table 1), plotting outside mixing line B
(Fig. 14). To achieve a **°Pb/**'Pb as low as
18.3, the depleted end member must have a
much lower **Pb/*™Pb ratio. Therefore, a
low- **Pb/*"Pb ratio of SE I-MORB is
considered as a potential endmember, mixing
with another endmember characterized by a
2%pp/2*Ph ratio as high as 18.45 and an
$7Sr/**Sr isotopic ratio higher than 0.706 (Line
A in Fig. 14).

Since there is no sign of crustal
contamination in the Lung Po basalt, the
moderate- *°Pb/*™Pb, EM2-like source must
be deep-derived, like from a subducted slab
extending to the deep mantle (core-inner
mantle transition zone?) and later returning to
the shallower mantle as recycled crustal
materials (Hong-Anh et al., 2018; Zhao et al.,
2021; Qian et al., 2022; Tian et al., 2023;
Choi et al., 2024). Notably, the relative
depletion of U and Th (Fig. 5a) may reflect
the presence of recycled -crust-derived
sediment in the mantle (Kerrich et al., 1999).
Crustal sediments in regions like the Pacific
Ocean and the ASRRSZ consistently show
high *Pb/*Pb ratios, from 18.6 to 19.2
(Cousens et al., 1994; e.g., Guo et al., 2006;
Liu et al, 2014). Thus, an additional
subducted source must be considered.
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Figure 14. Plots of *’Sr/*Sr vs. **Pb/*'Pb

isotopic mixing model for the Lung Po basalts.
The (Pacific or Indian) MORB, for example,
serves as a critical endmember. Mixtures of an (N)
MORB with a series of sediments (e.g., Cousens et
al., 1994) may explain most high-Pb isotope post-
collision 42-24 Ma high-K magmas. However,
mixing between a moderate-Pb isotope sediment
(e.g., pelagic sediment in the SW sub-basin of
EVS/SCS) with a low-Pb isotope Indian (I-)
MORB) may explain the formation of the Lung Po
and Maguan moderate-Pb and high-Sr isotope
samples. Isotopic and elemental values of
endmembers used in the mixing model are
Pb (ppm), Sr (ppm), **Pb/**Pb, and *'Sr/*Sr,
respectively, for an I-MORB-like: 0.2, 25, 18.0,
0.70265; for a SW sub-basin of EVS/SCS: 20, 180,
18.4, and 0.710 (Line A), and a Pacific Ocean-like
sediment: 17, 180, 18.8, and 0.710 (Line B). The
inserted diagram illustrates the enrichment
magnitude of North and South Tibet post-collision
high-K magmas. See text for explanations

A set of 25 pelagic clays were collected in
the SW sub-basin of the EVS at depths from
1,200 to 3,000 m for analysis of Sr, Nd, and
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Pb isotopic and trace element compositions.
The *’St/*°Sr ratios vary between 0.710 and
0.712, and the **°Pb/***Pb vary between 18.2
and 18.35, with lead contents varying between
6 and 24 ppm (Hoang N, unpublished data). If
this type of sediment were introduced into the
mantle by a subducted slab, about 10% of the
sediment mixing with an (SE) [-MORB-like
melt would produce the Lung Po isotope with
a moderate-lead ratio (Line A, Fig. 14).

Previous studies have explored the origins
of regional post-collision volcanic rocks,
revealing intermittent occurrences around
45-38 Ma, 30-24 Ma, and from 18 (or 16) Ma
to the present in northern and southern Tibet
and the ASRRSZ areas. Magmas in northern
Tibet originated from an  enriched
asthenospheric source combined with crustal
assimilation and metasomatized continental
lithosphere, resulting from  subducted
sediments  following the India-Eurasia
collision (Zhang and Schérer, 1999; Guo et
al., 2006; Zhang et al., 2017). In contrast,
potassic volcanic rocks in southern Tibet were
produced by a hydrous lithospheric mantle
that underwent multiple metasomatic events
during the Neo-Tethys oceanic subduction,
incorporating lower crust and ancient Lhasa
basement rocks (Liu et al., 2014) (Figs. 6-7,
9-11, 14). Furthermore, extensional tectonics
and thickened crust facilitated early Miocene
magmatism along major regional strike-slip
faults. Later (12-0 Ma) magmas were
produced by decompression melting of a
metasomatically altered, newly emplaced
asthenospheric  mantle following local
lithospheric extension and delamination (e.g.,
Wang et al., 2001; Flower et al., 2013; Liu
etal., 2014; Xie et al., 2021).

Notably, the 12-0 Ma Maguan alkaline
basalt, about 65 km north of Lung Po, plots
almost along Line A (Fig. 14). Mixing from 1
to 5% of the sediment with the SE I-MORB
melt would explain the isotopic range of the
basalt. This observation suggests that the
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asthenospheric mantle source in southeastern
ASRR shear zone is heterogeneous both
spatially and temporally (e.g., Wang et al.,
2001; Flower et al., 2013; Xie et al., 2021;
this study).

6. Conclusions

(i) The Lung Po olivine-phyric alkaline
basalt is approximately 1 km? in northern
Bat Xat District (Lao Cai province, Northern
Vietnam). It is dated between 0.9 and 0.5 Ma.
This basaltic outcrop is about 12 km west of
the ASRRS zone's axis and roughly 65 km
south of the post-India-Eurasian collision
(12-0 Ma) Maguan mantle xenolith-bearing
alkaline basalt in southwest Yunnan, China,
within the ASRRS zone. The geochemical
compositions of these basalts differ
significantly from the early 42-24 Ma high-K
magmatic rocks. They display oceanic island
basalt trace element distribution patterns and
more depleted radiogenic isotopic
compositions.

(i) The early volcanic stage in the
ASRRSZ (42-24 Ma) was associated with
crustal tectonics, while mantle dynamics
governed the later stage (12-0 Ma or
16-0 Ma). The Lung Po and 12-0 Ma Maguan

alkaline  basalt were  produced by
decompression melting of a relatively
depleted asthenospheric mantle, which
replaced the lithospheric mantle following
localized extension and lower crust
delamination.

(iii) Interpretation of the computed

primitive melt compositions of Lung Po
reveals that they were generated under
pressures ranging from 15 to 25 kb
(approximately 45 to 75 km deep), possibly in
the spinel or garnet-spinel peridotite transition
melting field, with [Tb/Yb]y between 2.2 and
2.6 and [La/Sm]y from 2 to 3.

(iv) The high *’St/**Sr ratios, coupled with
low '"Nd/'**Nd, moderate '"“Hf/'’Hf, and
2%pp/2ph isotopic ratios in the Lung Po
basalt, suggest mixing between low-lead

isotope Indian MORB and a moderate-lead
isotope crustal source introduced by a
subducted slab to the deep-level mantle, later
returning to the shallower mantle as recycled
crustal materials. Although the isotopic
compositions of the 12-0 Ma Maguan basalt
differ from those of the Lung Po, they plot on
the same isotopic mixing curve, indicating
they may share the same mixing sources but
in different proportions. This observation
suggests temporal and spatial heterogeneity in
the asthenosphere beneath the southeastern
ASRR shear zone.
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