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ABSTRACT

This paper investigated the petrological, elemental, and isotope geochemical characteristics of the Nam Meng
dioritoid to clarify the magma source and process. The Nam Meng massif comprises large amounts of dioritoids (gabbro-
diorite and quartz diorite) and lesser amounts of granitoids (granodiorite and granite). The Nam Meng gabbro-diorite is a
porphyritic texture with fine-grained plagioclase, amphibole, K-feldspar, and phenocryst biotite. The Nam Meng quartz
diorite comprises coarse-grained plagioclase, amphibole, biotite, quartz, and K-feldspar. The Nam Meng gabbro-diorite
contains higher plagioclase and lower biotite and quartz than the Nam Meng quartz diorite. The variation in petrography
and mineralogy with the negative correlation between SiOz contents with AO3, MgO, AL203 + MgO, T-Fe203, and CaO
contents suggest a magmatic differentiation process. All the Nam Meng dioritoids have low ACNK (mostly less than
1.0), total alkaline (Na2O + K2O < 6 wt.%) with NaxO/K20 > 1, and negative anomalies of Ta, Nb, and Ti. Combined
with the U-Pb zircon age of 290 Ma (Hieu et al. (2017), the Nam Meng dioritoid is thought to be an I-type granitic rock
formed in the subduction stage of the Indosinian amalgamation event. The low La/Yb ratios (1.14-3.21) suggest that the
mantle wedge that was melted to form the Nam Meng magma had a spinel peridotite composition. The exd (290 Ma) 0f the
Nam Meng dioritoid is close to bulk earth silicate at 290 Ma (-4.43 to 2.34). The ¥7St/*6Sr (200 Ma) 0f the Nam Meng
dioritoid varies in a wide range from low to intermediate (0.6987 to 0.7088), and the calculated Nd model age of the
Nam Meng dioritoid is 1,258 + 47 Ma. The Sr and Nd isotope data suggest that the Nam Meng spinel peridotite was a
result of mixing between an ancient ocean crust, EM1, and EM2 that occurred in a paleo-subduction zone at Meso-
Neoproterozoic Rodinia supercycle. The Hf contents of the low-Hf and high-Hf Nam Meng dioritoid series are 0.38-1.02
and 2.60-8.08, respectively. The LILE/Hf and HSFE/Hf ratios in the low-Hf Nam Meng dioritoids are high and have a
strongly negative correlation with Hf. On the other hand, those ratios in the high-Hf Nam Meng dioritoids are low and
have a weakly negative correlation with Hf. The Hf contents positively correlate with the degree of partial melting of the
mantle wedge in the subduction zone. Therefore, the low Hf, high LILE/Hf, and HSFE/HT ratios of the Nam Meng
dioritoids could be derived from a low degree of partial melting of the mantle wedge. In contrast, the high Hf, low
LILE/Hf, and HSFE/Hf ratios of the Nam Meng dioritoids could be produced by a high degree of partial melting of the
mantle wedge.

Keywords: Nam Meng dioritoid, Indosinian subduction, magma origin, partial melting, Hf anomaly.

1. Introduction series) includes Nam Meng, Nam Po, Nam
Hon, Muong Tung, and Nam Rom massifs
(and numerous small satellite massifs)
distributed along the Dien Bien - Lai Chau
*Corresponding author, Email: canpn87@gmail.com and Song Ma faults (Fig. la; Izokh, 1971;

The Dien Bien complex (or Dien Bien Phu
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Nguyen, 1977). The magmas of the Dien Bien
complex vary from gabbro-diorite to
leucocratic granite. Early studies of the
petrography and major oxides suggested that
the Dien Bien intrusive rocks were solidified
at a  multi-stage under  magmatic
differentiation in a syn-collision environment
(Izokh, 1971; Tran, 1994). Ar-Ar biotite ages
of the Nam Meng, Nam Hon, and Nam Rom
intrusive rocks (Izokh, 1971) are 235-255,
233, and 252-266 Ma, respectively.

Recent studies about the U-Pb zircon ages
suggest that the Nam Meng and Nam Po
intrusive rocks differ from the rest of the Dien
Bien complex. The Nam Meng intrusive rocks
consist of large amounts of dioritoid (gabbro-
diorite and quartz diorite) with small amounts
of granitoid (granodiorite and granite) (Fig. 2;
Tran, 1994). The gabbro-diorite and
granodiorite of the Nam Meng massif were
formed at 281-276 Ma (Liu et al., 2012) and
296-289 Ma (Hieu et al., 2017), respectively.
Quartz diorite and granodiorite of the Nam Po
massif were formed at 281 and 277 Ma,
respectively (Hieu, 2017). On the other hand,
the ages of the Nam Rom intrusive rocks are
244-231 Ma (Hieu et al., 2017, 2019) and
230-225 Ma (Roger et al., 2014; Tran et al.,
2022). This age evidence led to a new
conclusion that the Nam Meng and Nam Po
intrusive rocks were formed at the early stage
of Indonesian subduction at 290-280 Ma
while the Nam Rom intrusive rocks were
formed at the post-collision at 244-225 Ma
(Hieu et al., 2019; Tran et al., 2022). Initial
studies about the geochemical characteristics
of trace elements and Sr and Nd isotopes
suggested that Nam Meng gabbro-diorite was
derived from mantle-crustal interaction (Liu et
al., 2012) or mantle-derived with minor input
of crustal material (Tran et al., 2022) and Nam
Po quartz diorite and granodiorite was derived
from magma that melted from Neoproterozoic
ocean island basalt (OIB; Hieu, 2017).

In this paper, whole-rock chemistry and Sr
and Nd isotopes of eighteen samples of the
Nam Meng dioritoid were studied to clarify
the origin and evolution of magma. The
results suggest two series in the Nam Meng
dioritoid: low-Hf and high-Hf. The former has
low Hf contents with negative Hf anomalies.
The latter has high Hf contents with no or
positive Hf anomalies. They were formed
from magmas at different degrees of partial
mantle melting.

2. Sampling and analytical methods
2.1. Sampling

The Nam Meng massif is elongated from
northwest to southeast (Fig. 1b) at 6 km width
and 20 km length. Nineteen samples were
collected along the northwest to southeast
section. Among them, there were 12 quartz
diorite and 7 gabbro-diorite. The Nam Meng
quartz diorite is leucocratic granular medium-
grained (Figs. 1c, d). The Nam Meng gabbro-
diorite consists of menalocratic porphyry fine-
grained and mesocratic granular medium-
grained. The Nam Meng menalocratic
gabbrodiorite occurs as an enclave in the quart
diorite and mesocratic gabbrodiorite. The
sizes of the enclaves range from several
centimeters to several meters. About 200 g of
each sample was pulverized for chemical
analysis.

2.2. Analytical methods

The thin section was prepared and
observed at the Institute of Geological
Sciences, Vietnam Academy of Science and
Technology (IGS-VAST) using a Zeiss
Primotech  polarized  microscope.  The
photomicrograph of the thin section was taken
by a CCD (Charge Couple Device) camera
attached to the microscope.

A Bruker S4 X-ray fluorescence
determined the major oxides at the IGS-
VAST. The calibration line was composed of
a set of Japanese rock standards.
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Figure 1. a - Distribution of intrusive massifs of the Dien Bien and Song Ma complexes in northwest
Vietnam; b - Sample locations in the Nam Meng massif; ¢ and d - outcrop photographs of the Nam Meng
dioritoid. Redrawn from Bui et al. (2005), Phan et al. (2005), and Tran et al. (2005a, b)
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Figure 2. QAP classification diagram of the
Nam Meng intrusive rocks (Tran, 1994)

Solutions for the trace elements and
isotope analysis were prepared in IGS-VAST.
About 50 mg of sample powder was digested
by a mixture of condensed HNOs and HF at
135°C for 48 hours in a Teflon container. The
digested sample evaporated at 145°C for 90
minutes. Then, the sample was cleaned by
adding 1 ml HNOs and evaporating again.
This step is repeated several times until the
residue changes to brownish yellow. The
sample was digested again in 1 ml condensed
HCI at 100°C for 15 minutes. After that,
5-7 ml of ultrapure water is added and
evaporated until dry. A part of the digested
sample is diluted by an HNO3; 2M to a 0.3M
solution for trace elements analysis by a
Q-ICP-MS at Ryukyu University, Japan.

Another part of the digested sample was
used to isolate the Sr and Nd for the isotopic
analysis. The solution is added to the Sr and
Nd columns and collected by the HCl and
HNO:;. The collected solution is evaporated to

remove all HCI. Then, the sample is diluted to
an HNO; 2% for the measurement using a
Neptune Plus MC-ICPMS at Ryukyu
University.

3. Results

3.1. Petrographical characteristics of the
Nam Meng dioritoid

The Nam Meng gabbro-diorite is a
porphyritic texture with fine-grained (less
than 400 pm in diameter) plagioclase,
amphibole, and K-felspar and phenocrystal
biotite (greater than 1 mm in diameter). It
comprises more than 65% plagioclase, 20-
30% amphibolite, less than 5% biotite, quartz,
and less than 2% K-felspar. The gabbro-
diorite amphibole is pale greenish to dark
greenish, anhedral to subhedral crystal. It
occurs as a granular grain or inclusion in the
plagioclase. The gabbro-diorite biotite is a
pale greenish, euhedral crystal replaced by
amphibole and plagioclase (Figs. 3a, b, e, f).

The Nam Meng quartz diorite is granular
and coarse-grained. The size of the crystal
reaches several mm in diameter. It comprises
more significant amounts of plagioclase (40-
60%) and amphibole (10-35%), lesser
amounts of biotite (5-15%) and quartz (10-
20%), and a small amount of K-feldspar (less
than 2%). The quartz diorite amphibole is
subhedral brownish-green color. The quartz
diorite plagioclase is a tabular twining crystal.
Amphibole and plagioclase are replaced by
K-feldspar and quartz, smaller and anhedral
crystals (Figs. 3c, d, g, h).

Based on the observations, the low-Hf and
high-Hf series have no significant differences
in petrographical characteristics. The Nam
Meng quartz diorite is larger-grained and
comprises more biotite and quartz than the
Nam Meng gabbro-diorite.
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Figure 3. Photomicrograph of the Nam Meng dioritoid. a, b - low-Hf gabbro-doirite, ¢, d - low-Hf quartz
diorite, e, f - high-Hf gabbro-diorite, g, h - high-Hf quartz diorite. Amf - amphibole, Bt - biotite,
PI - plagioclase, Qz - quartz

3.2. Geochemistry
3.2.1. Whole-rock chemistry
The SiO; contents of the Nam Meng

gabbro-diorite and quartz diorite vary from
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51.8 to 57.6 wt.% and 61.5 to 67.2 wt.% (Table
1; Fig. 4). There is one granite sample that has
a high content of SiO; (72.6 wt.%) belonging
to the high-Hf series. The total alkaline (Na;O
+ K»0) of the Nam Meng dioritoid varies from
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3.72 to 5.77 wt.% with Na,O/K,O > 1. The
Al O3 contents of the low-Hf gabbro-diorite are
lower than those of the high-Hf gabbro-diorite
(14.0-17.6 wt.% and 18.0-19.4, respectively).
However, the low-and high-Hf Nam Meng
quartz diorite show no difference (15.2-
17.2 wt.% and 15.6-16.4 wt.%, respectively).
Most of Nam Meng dioritoid is metalumious.
Only two samples were plotted into
peraluminous (Table 1; Figs. 4, 5).

The MgO contents of the low-Hf dioritoid
(5.61-6.12 wt.% and 2.16-3.49 wt.% for

gabbro-diorite and quartz diorite,
respectively) are higher than those of the
high-Hf dioritoid (2.83-3.42 wt.% and 1.81-
2.23 wt.% for gabbro-diorite and quartz
diorite, respectively). In contrast, the Na,O
contents of the low-Hf dioritoid (2.58-2.99
wt.% and 2.73-3.24 wt.% for gabbro-diorite
and quartz diorite, respectively) are lower
than those of the high-Hf dioritoid (3.24-
4.12 wt.% and 3.28-3.45 wt.% for gabbro-
diorite and quartz diorite, respectively) (Table
1; Fig. 5).

Table 1. Whole-rock chemistry of the Nam Meng dioritoid

No. 1 2 3 4 5 6 7

Sample NM19-02 NM19-01B NM-06 NM-11* NM-02* NM-04* H207/92

Series Low-Hf gabbro diorite High-Hf gabbro diorite
SiO: 51.8 54.2 55.8 524 52.8 54.7 57.6
TiO2 0.81 0.68 0.85 0.79 0.65 0.73 0.64
ALO3 17.6 16.0 14.0] 18.9 18.8 19.4 18.0
T-Fe:03 9.53 8.31 10.6 9.91 10.2) 8.27 7.40
MnO 0.19 0.29 0.28 0.24 0.32 0.24 0.16
MgO 5.61 6.12 5.66 3.42 3.42 2.83 3.10
CaO 9.05 8.80 5.56 7.49 7.33 7.35 6.31
Na0 2.99 2.88 2.58 3.98 3.51 4.12] 3.24
KO 0.73 1.21 2.73 1.77 1.95 1.65 1.61
P>0s 0.21 0.10] 0.22] 0.16 0.13 0.16 0.14
LOI 1.30] 1.32 1.57 1.06 1.25 0.92 2.34
Total 99.8] 99.9 99.9 100.1 1004 100.4 100.5
Rb 10.6 17.8 49.9 67.0 62.0 56.0 66.0
Cs 0.35 0.26 0.38 1.40 2.20) 2.10
Sr 294 252 167 285 268 317 306
Ba 171 209 474 323 387 368 289
Sc 14.7 15.8 22.8 17.0 22.0 14.0 7.00
Zr 145 84.0 229 113 73.0 89.0 101
Hf 0.68 0.91 1.02 3.00 2.60) 2.80 8.08
INb 4.46 6.67 9.86 5.00 8.00 9.00 6.90
Ta 0.28 0.51 0.79 0.40 0.80 0.70 0.46
Y 24.0) 23.8 50.6 27.0 43.0 30.0 34.0
La 10.4 9.60 17.4 14.8 12.5 17.1 11.7
Ce 26.3 29.9 46.5 36.1 32.7 44.2 36.8
Pr 3.46 4.07, 6.55 491 5.23 6.35
Nd 15.4 17.1 28.3 21.0 25.7 28.0 25.1
Sm 3.96 3.95 7.32 5.20 7.50 6.70 5.63
Eu 1.00| 1.04 1.24 1.41 1.57 1.59 1.36
Gd 3.81 3.60) 6.87 5.00 7.40 6.10
Tb 0.64 0.59 1.17 0.80 1.30) 1.00 1.21
Dy 3.92 3.66 7.43 5.60 8.20 6.40
Ho 0.73 0.70 1.41 1.10 1.60 1.20
Er 2.29 2.29 4.58 3.40 5.10 3.90
Tm 0.35 0.37 0.73 0.50] 0.78 0.60
Yb 2.18 2.48 4.80 3.50) 5.70) 4.40 4.99
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Lu 0.32 0.40 0.75 0.54 0.90 0.68 0.66
\ 135 169 112 185 118 91.0 121
Cr 37.0 45.0 40.0) 20.0) 19.0
Co 22.2 21.5 21.9 19.0 15.0 14.0 19.0
INi 6.34 9.62 12.0) 20.0, 6.00
Cu 274 11.8 34.0 60.0 10.0) 16.0
Zn 70.0 80.0 121 90.0 110 90.0 68.0
Pb 3.02 6.08 4.36 6.00 6.00 5.00
Mo 0.41 0.06 0.13
Sn 1.13 1.94 3.04 1.00 2.00] 2.00
W 0.20 0.15 0.25
Th 1.90] 1.53 6.98 2.60 3.40 5.00 3.40
U 0.49 0.65 1.77 0.70 1.80] 1.30
Table 1. (cont.)
No. 8 9 10 11 12 13

Sample NM19-03 NM19-01A NM-07 NM19-08 NM19-05 NM19-07

Series Low-Hf quartz diorite
SiO: 61.5 61.6 62.9 63.1 66.1 67.2
TiO: 0.58 0.60 0.47 0.48 0.38 0.34
ALO3 17.2 15.8 16.3 16.0) 15.2 15.3
T-Fe203 5.58 6.02 5.23 5.64 4.68 3.84
MnO 0.15 0.15 0.12 0.14 0.12 0.09
MgO 2.78 3.49 3.13 3.11 2.40 2.16
CaO 6.59 5.12 3.92 5.65 5.08 5.12
Na20 3.13 2.73 3.24 2.89 2.97 2.88
KO 1.18 2.12 2.46] 1.82 1.95 2.14
P20s 0.19 0.15 0.14 0.13 0.14 0.12
LOI 0.97 1.97 1.98 1.03 0.80 0.73
Total 99.8] 99.8] 99.9 99.9 99.8 99.9
Rb 16.3 40.9 44.0 35.6 68.7 344
Cs 0.62 0.74 0.48 1.21 0.70 1.13
Sr 321 214 154 193 194 180
Ba 443 472 405 329 308 431
Sc 5.59 8.28 7.24 8.02 8.52 5.82
Zr 140 133 142 130 157 105
Hf 0.38 0.47 0.58 0.74 0.61 0.64
Nb 7.27 6.94 5.44 5.39 5.06 4.18
Ta 0.57 0.63 0.54 0.55 0.49 0.58
Y 13.5 15.5 13.7 14.8 19.2 10.4
La 15.4 13.1 5.61 15.2 20.5 25.5
Ce 40.2 29.9 18.0 33.2 42.8 51.8
Pr 4.09 3.44 1.89 3.48 4.50 4.35
INd 15.1 12.7 7.9 12.4 15.8 13.3
Sm 2.97 2.66 2.00] 2.48 3.17 2.11
Eu 0.95 0.76 0.62 0.70 0.76 0.63
Gd 2.70) 2.51 1.92 2.38 3.03 2.10
Tb 0.39 0.40 0.33 0.37 0.47 0.28
Dy 2.22 243 2.12 2.23 2.89 1.59
Ho 0.40 0.46 0.41 0.43 0.55 0.30
Er 1.28 1.51 1.35 1.40 1.80 0.98
Tm 0.20 0.24 0.22 0.22 0.29 0.16
Yb 1.34 1.64 1.52 1.54 1.98 1.14
ILu 0.21 0.26 0.25 0.24 0.32 0.19
\ 18.0) 83.7 68.0 85.0 84.0 80.0
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Cr 49.0, 98.4 30.0 23.0) 18.0) 24.0
Co 8.09 12.5 10.2 11.0) 15.0) 20.0
INi 431 3.43 3.01 2.81 2.78 2.26
Cu 4.32 5.39 18.0) 4.10, 6.40 3.46
Zn 64.6 61.6 65.0 49.7 41.0 34.7
Pb 7.49 6.55 3.75 6.13 6.63 8.10
Mo 0.06 0.21 0.09 0.21 0.27 0.08
Sn 1.01 1.42 1.37 1.35 1.48 0.96
W 0.14 0.16 0.41 0.27 0.35 0.23
Th 3.16 6.20 3.62 8.85 12.1 17.9
U 0.46 1.28 1.49 1.89 1.84 2.20
Table 1. (cont.)
No. 14 15 16 17 18 19
Sample H229/92 NM-05* H213/92 NM-10* H233/92 H227/92
Series High-Hf quartz diorite

SiO; 63.1 63.6 64.3 64.4 72.6 65.2
TiO2 0.48 0.44 0.42 0.47 0.28 0.44
ALO3 15.8 16.3 16.4 16.0) 13.5 15.6
T-Fe203 5.76 5.52 5.28 5.39 241 5.10
MnO 0.15 0.13 0.13 0.12 0.03 0.13
MgO 2.23 1.87 1.87 1.92 0.49 1.81
CaO 5.37 5.44 5.26 5.19 1.07 491
Na20 3.28 3.44 3.28 3.31 2.69) 345
K-O 2.36 1.49 1.91 1.94 5.32 1.71
P20s 0.20 0.13 0.09 0.12 0.05 0.12
LOI 141 1.22 1.29 0.77 1.26 1.86
Total 100.1 99.6 100.3 99.6| 99.7 1004
Rb 68.5 53.0 70.0 70.0 156 64.4
Cs 1.20 1.60|

Sr 216 273 237, 251 146 220,
Ba 467 337 354 399 760 330,
Sc 12.0] 7.00 10.0 8.00 8.00 11.0
Zr 151 146 88.0 117 158 121
Hf 5.03 3.70 6.03 3.10 5.95 4.69)
Nb 7.90 5.00 6.90 5.00 13.80) 8.00
Ta 0.85 0.40 0.67 0.50 1.00 1.21
Y 234 15.0 15.6 16.0) 25.0 17.6
La 20.0| 224 27.2 12.8 474 325
Ce 40.6 39.2 443 26.4 75.7 55.2
Pr 4.76 4.16 3.25 5.80
Nd 19.1 14.5 343 12.8 31.8 20.4
Sm 3.88 3.10 3.21 2.90) 6.28 3.34
Eu 0.90 0.91 0.86 0.87 0.92 0.71
Gd 3.92 2.80 2.80] 3.25
Tb 0.68 0.50 0.71 0.50 1.08 0.53
Dy 3.76 3.00 3.00 2.98
Ho 0.88 0.60 0.60 0.65
Er 2.44 1.90 1.90| 1.81
Tm 0.37 0.28 0.29 0.37
Yb 2.67 1.90 2.54 2.10] 241 2.06
Lu 0.45 0.31 0.40 0.33 0.43 0.36
\ 93.0 65.0 76.0 73.0 16.0) 81.0
Cr 13.0 12.0 14.0 8.0
Co 9.00 10.0 14.0 10.0] 2.30 7.00
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INi 2.00 4.00 3.00 1.00;
Cu 5.00] 4.00 5.00] 4.00
Zn 70.0 60.0 67.0 60.0) 41.0 85.0)
Pb 11.0 8.00 23.0 11.0
Mo
Sn 1.00 1.00]
W
Th 14.6 8.00 10.9 7.30) 23.0 20.6
U 2.60 1.50] 1.50) 1.80] 2.90 2.00
* From Tran et al. (2022)
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The TiO,, T-Fe;Os3, and CaO contents of
the gabbro-diorite (0.64-0.85 wt.%, 7.4-
10.6 wt.%, and 5.56-9.05 wt.%, respectively)
are higher than those of the quartz diorite
(0.34-0.60 wt.%, 3.84-6.02 wt.%, and 3.92-
6.59 wt.%, respectively) (Table 1; Fig. 5).
There is no significant difference between
low- and high-Hf series at the TiO», T-Fe,O3,
and CaO contents.

The K»>O and P,Os contents are similar for
low- and high-Hf diorite (Table 1; Fig. 5).
Most samples belong to the low-K calc-
alkaline series. Only 3 samples belong to the
high-K calc-alkaline series (Fig. 5). Despite
K>,O and P,Os, other major oxide contents
negatively correlate with the SiO; contents.
The granite sample has the highest content of
Si0; and K,O and the lowest content of other
major oxides (Table 1; Fig. 5).
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The low-Hf gabbro-diorite’s large ion
lithophile elements (LILE - Ba and Sr) and
high field strength elements (HSFE - Zr, Nb)
of vary widely. They cover most of the data of
the high-Hf dioritoid and high-Hf quartz
diorite (Ba = 171-474 ppm, Sr = 167-
294 ppm, Zr = 84.0-229 ppm, and Nb = 4.46-
9.86 ppm). The Ba and Nb contents of the
high-Hf quartz diorite (289-387 and 6.90-
9.00 ppm, respectively) are similar to those of
the high-Hf dioritoid (308-472 and 4.18-
8.00 ppm, respectively). Rb contents of the
high-Hf gabbro-diorite (56.0-67.0 ppm) are
similar to those of the high-Hf quartz diorite
(53.0-70.0), and both of them are higher than
the low-Hf gabbro-diorite (Rb = 10.6-
49.9 ppm) and low-Hf quartz diorite (16.3-
44.0 ppm).



Tuan-Anh Tran et al.

1.0 [ T
- Y 4
08 LY -
i A ]
L}
e I L 4 ® .
=06 I3 —

% [ %2 ]

Qo4 4

gl [ ]

= L ° ]

L * ]

02 -
0_.‘,.1,..11..‘.1J...1..A.1,...-

45 50 55 60 65 70 75

SiO,, wt.%
2 R SR
6 | L 4
L ] ° .
5k =
=, [ |
E

o i *» 1

o 3 |- ® L 2 ® )

= | - |
5L * ® i
1k .
L & -
0 I I VIR W Y SN O S A 1
45 50 55 60 65 70 75
SiO,, wt.%
B T T T
ab o ® _
ES P o
E & ° .IO.

y B L ] L] @ 7
Q1 ° . ® |
=z

2+ -

0 s i b a o b b s a b s a g b s

45 50 55 60 65 70 75

SiO,, wt.%

e o o e

L PO

L Shoshonite series A g

i _-=" HighK

4 o Calc-alkaline series -
x| A o
o | i ® s ," Calc-alkaline series
L4 Pid -

>l S o ®
2| - L @.° .
- ”',. ® L] Y
- e ® . .- ]
- ° o "

L _ _._ ———————— Tholeiite series

0 Ill—llllll|llll|llll|llll|llll

45 50 55 60 65 70 75

SiO,, wt.%

22

20

LA B S S S S S S S S B S B M S S B S s S S S p e

U YRR T W Y TN T ST W NN SUNNY WY WY TN ST SN WY NN SN N ST ST T W SN S N W

.,

50

55

60
SiO,, wt.%

65

70

@

T-Fe,0, Wt. %
(o]

IS

LI B S S S B e e e e e

LI B S S S S S B B E B B B B B B S B S B B B S S S

I ST W) VI TR O TS O T [T O T [ W VT

o,

L 2

WO e o N BT R (TN KON Y I

IS
o

50

55

60
SiO,, wt.%

65

70

~
o

T T T T T T T T T T T T T T T T

0

B O YO N QLR F M W 7 B PN TR (R NN Twn S R N N 2 N TR R N £ T

PR ST S T NS TAT SN TN N SN T ST SN [T ST SN ST SN N ST S TN S (Y W SO S 1

® o

**®

L 4

T T WG UL O T I [ )

45

0.3

50

55

60
SiO,, wt.%

65

70

~
o

02 =

P,0,, Wt. %

0.1

0

T [ SR R S JYEH 7 ) PR R TR A S RN (N PR JNS A A RN TR M 2

PSTET T O (07 T W VI (NN [ U (ST Solf VTN, S SO 0 Y T L T LN T P U

L 4

45

50

55

60
SiO,, wt.%

65

70

Figure 5. Harker diagrams (Harker, 1909) of major oxides vs SiO of the Nam Meng dioritoid.

Field in the SiO; vs K,O diagram after Rickwood (1989) and Le Maitre et al. (1989)
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The Zr contents of the high-Hf dioritoid
(73.0-113 ppm) are lower than those of the
quartz diorite (88.0-157 ppm) while the Sr
contents of the high-Hf dioritoid (268-
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317 ppm) are higher than those of the quartz
diorite (216-287 ppm). The sample NM19-03 of
the low-Hf quartz diorite has a significantly high
concentration of Sr (471 ppm) (Table 1; Fig. 6).
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Figure 6. Harker diagram (Harker, 1909) of the LILE and HFSE vs SiO; of the Nam Meng dioritoid

The gabbro-diorite’s light rare earth
elements (LREE) are lower than the quartz
diorite. In contrast, the gabbro diorite’s heavy
rare earth elements (HREE) are higher than
the quartz diorite's. Among the gabbro-diorite,
the LREE are slightly enriched compared with
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the HREE (La/Yb = 1.5-3.2), while among the
quartz diorite, the LREE are highly enriched
compared with the HREE (La/Yb = 4.1-15.1)
(Fig. 7). Most of samples have weakly
negative anomaly of Eu (Euw/Eu* = 0.53- 0.97)
except the sample NM19-03 has weakly
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positive anomaly of Eu (Eu/Eu* = 1.02). The
HREE of the high-Hf series is relatively
higher than those of the low-Hf series. There
is no difference in the LREE of the low- and
high-Hf dioritoid.

The Hf shows a tendency difference from
other HSFE. The Hf contents of the low-Hf
gabbro-diorite and quartz diorite vary in a
small range (0.68-1.02 and 0.38-0.74 ppm).
Most of the Hf contents of the high-Hf
gabbro-diorite vary from 2.60 to 3.00 ppm.
The sample H207/92 of the hight-Hf gabbro-
diorite has a significantly high concentration
of Hf (8.08 ppm). The Hf contents of the
high-Hf quartz diorite vary from 3.10 to 6.03
ppm (Table 1; Fig. 6).
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3.2.2. Sr and Nd isotopic ratios

The *'St/%Sr of the low-Hf gabbro-diorite
and low-Hf quartz diorite vary in a broader
range (0.70519-0.71108, 0.70649-0.70948,
respectively) than of the high-Hf gabbro-
diorite and high-Hf quartz diorite (0.70729-
0.70824 and 0.70702-0.70862, respectively).
The eng of the low-Hf quartz diorite (-4.12 to -
1.66) vary in a broader range than the low-Hf
gabbro-diorite, high-Hf gabbro-diorite and
high-Hf quartz diorite (-2.56 to -0.55, -3.10 to
-0.70, and -4.47 to -1.24) (Table 2). The Nam
Meng dioritoid have negative eng¢ and most of
them are shifted away from the mantle array
to the right side.
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Figure 7. REE chondrite normalized patterns of the Nam Meng dioritoid.
The chondrite was valued after Boynton (1984)

Table 2. Sr and Nd isotopic ratios of the Nam Meng dioritoid

Sample NM19-02 | NM19-01b | NM-06 NM-11 [ NM-02 [ NM-04 [ H207/92

Series Low-Hf gabbro-diorite High-Hf gabbro-diorite
8TRb/3¢Sr 0,101 0,197 0,834 0,656 0,646 0,493 0,602
87Sr/36Sr 0,70519 0,70697 0,71108 [ 0,70729 [ 0,70824 [ 0,70739 [ 0,70778
87Sr/36Sr 200 Ma 0,70477 0,70616 0,70764 | 0,70458 | 0,70557 | 0,70535 | 0,70530
47Sm/"Nd 0,1586 0,1422 0,1594 0,1526 0,1799 0,1475 0,1383
3Nd/Nd 0,512610 | 0,512507 | 0,512602 | 0,512596 | 0,512517 | 0,512479 | 0,512602
Nd/"Nd 200ma | 0,512309 | 0512237 | 0,512299 | 0,512306 | 0,512176 | 0,512199 | 0,512339
Tomz (Ma) 1,49 137 1,54 1,38 2,83 1,54 1,11
Nd -0,55 -2,56 -0,70 -0,82 2,36 -3,10 -0,70
£Nd 290 Ma 0,86 -0,54 0,68 0,81 -1,74 -1,28 1,46

Note: (**Nd/'"“Nd)cHuUr, today = 0.512638 (Goldstein et al., 1984); (**Nd/'"*“Nd)pm, today = 0.51315, (*7Sm/'**Nd)pm,

today = 0.2137 (Peucat et al., 1988)
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Table 2 (cont.)

Sample NM19-03 | NM19-0la | NM-07 | NM19-08 | NM19-05 | NM19-07
Series Low-Hf quartz diorite
B"Rb/3¢Sr 0,142 0,534 0,798 0,515 0,557 0,533
87Sr/3Sr 0,70649 0,70948 0,70813 0,70761 0,70833
B7Sr/3Sr 200 Ma 0,70590) 0,70619 0,70600 0,70531 0,70613
7S m/"Nd 0,1214 0,1285 0,1561 0,1237 0,1233 0,0976
143Nd/“Nd 0,512447 0,512465 0,512574 0,512494 0,512548 0,512409
13Nd/"Nd 200 Ma 0,512217 0,512221 0,512278 0,512259 0,512314 0,512224
Tomz 1,16 1,22 1,52 1,11 1,02 0,97
end -3,72) -3,37, -1,24 2,81 -1,76 -4.47
£Nd 290 Ma -0,93 -0,85 0,26 -0,11 0,96 -0,80)
Table 2 (cont.)
Sample H229/92 | NM-05 | H213/92 | NM-10 | H227/92 | H233/92
Series High-Hf quartz diorite
B"Rb/3¢Sr 0,885 0,542 0,824 0,778 0,817 2,983
B7Sr/3Sr 0,70862 0,70702 0,70850) 0,70767 0,70855 0,72682
B7Sr/3Sr 200 Ma 0,70497 0,70478 0,70510) 0,70446 0,70518 0,71451
178 m/*/Nd 0,1255 0,1318 0,0577, 0,1396 0,1009 0,1217
143Nd/*Nd 0,512511 0,512510 0,512427 0,512553 0,512446 0,512272
13N/ "Nd 200 Ma 0,512273 0,512260 0,512317 0,512288 0,512254 0,512041
Tomz 1,10 1,19 0,71 1,23 0,95 1,45
£Na -2,48 -2,49 -4,12) -1,66 3,75 7,14
£Nd 290 Ma 0,16 -0,09) 1,03 0,46 -0,20) 437
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Figure 8. ¥Sr/®Sr vs enq diagram for the Nam Meng
dioritoid at present (left) and at 290 Ma (right)

4. Discussions
4.1. Tectonic setting

Early studies on the whole-rock
geochemistry (calc-alkaline series) and Ar-Ar
biotite age (250 £ 15 Ma) of the Dien Bien
complex suggested that the rocks were formed
at the collision stage of the convergence
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margin (Izokh, 1971; Tran, 1994). Recent
studies about the U-Pb zircon age (290-
280 Ma) and trace elements of the Nam Meng
and Nam Po suggested that their rock was
formed at the subduction stage of the
amalgamation of the Indochina and Sino-
Vietnam composite terrane (Liu et al., 2012;
Hieu, 2017; Hieu et al., 2017; Tran et al.,
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2022). The results of this study support the
latter.

The mineral assemblages of the Nam
Meng dioritoid comprise significant amounts
of plagioclase, amphibole, lesser amounts of
biotite and quartz, and small amounts of K-
feldspar (Fig. 3). Muscovite is not observed.
The ACNK and ANK indexes of the Nam
Meng dioritoid are mostly metaluminous. All
the ACNK are less than 1.1 (Fig. 4). The PM

Sample/Primitive mantle

normalized patterns of the trace elements of
the Nam Meng dioritoid show negative
anomalies of the Ta, Nb, and Ti (Fig. 9).
These mineralogical and geochemical
characteristics and the Y-Nb and Y-+Nb-Rb
discrimination diagrams (Fig. 10) suggest
that the Nam Meng dioritoid is an I-type
granitic rock (Chappell and White, 1974) and
was formed in a subduction environment.
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Figure 9. Spider diagrams of the Nam Meng dioritoid.
Primitive mantle values after McDonough and Sun (1995)
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Figure 10. The Y-Nb (left) and Y+Nb-RD (right) discrimination diagrams for the Nam Meng dioritoid
(Pearce et al., 1984)

4.2. Magmatic differentiation

Petrography of the Nam Meng intrusion
varies from gabbro-diorite to quartz diorite,

granodiorite, and granite (Izokh, 1971; Tran,
1994). Among the Nam Meng gabbro-diorite
and quartz diorite, there is a negative
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correlation between SiO, and Al,Os, MgO,
T-Fe;0s, and CaO (Fig. 5). Although the low-
Hf dioritoid has higher MgO contents than
those of the high-Hf dioritoid, they maintain
the negative anomaly inside each series
(Fig. 5). The high concentrations of the MgO
caused the low concentrations of the Al;O3 in
the low-Hf gabbro-diorite. The Al,O3 + MgO
shows an excellent negative correlation with
the SiO; (Fig. 11).

During the magmatic differentiation, Ti
prefers to stay in the melt. Therefore, the SiO,
and TiO; correlation should be positive. The
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Figure 11. SiO; vs Al,03 + MgO diagram for the
Nam Meng dioritoid
Therefore, serial  petrography and

correlation among the major oxides suggest
that the concentration of the Nam Meng
dioritoid was caused by the magmatic
differentiation process. The concentration of
the total alkaline in the Nam Meng dioritoid
could not be explained by the magmatic
differentiation but by another process
discussed in the following section.

4.3. Magma origin

4.3.1. Possibility of the continental crust
contamination

Before discussing the source of the mantle
that was melted to form the Nam Meng
magma, we would like to consider the
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negative correlation between the SiO» and
TiO, of the Nam Meng dioritoid is quite
strange (Fig. 5). However, the presence of
biotite in the gabbro-diorite and biotite in the
quartz diorite could explain this. The early
crystallization of the biotite traps the Ti from
the melt causing this phenomenon.

The total alkaline, Na,O, and K>O show no
correlation with the SiO,. On the other hand,
the total alkaline has a strongly positive
correlation with the Hf in the low-Hf series
and a weakly negative correlation with the Hf
in the high-Hf series (Fig. 12).
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Figure 12. Hf vs Na,O + K»O diagram for the
Nam Meng dioritoid

possibility of continental crust contamination.
The continental crust is rich in LILE (Ba, Rb,
and Sr) and low HSFE (Zr, Nb, and Ta)
(Rudnick and Fountain, 1995; Rudnick and
Gao, 2003; Hu and Gao, 2008). The
contamination of the continental crust causes
an increase of the Ba, ®’Sr/*¢Sr compared with
the Nb and Zr. In other words, the Ba/Nb and
87Sr/%Sr ratios would positively correlate. The
Ba/Nb and ¥’Sr/%¢Sr ratios of the Nam Meng
dioritoid have no positive correlation.
Particularly, Ba/Nb and ®'Sr/*Sr have a
negative correlation in low-Hf series and
high-Hf quartz diorite (Fig. 13). Hoang and
Uto (2003) proposed a mantle array for the
Ti/Zr vs Ba/Zr diagram. Most of the Nam
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Neng dioritoid (except sample NM-02) is
plotted below the mantle array. Therefore, the

Nam Meng magma had not been
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Figure 13. ¥Sr/%Sr vs Ba/Nb diagram for the Nam
Meng dioritoid

4.3.2. Mantle origin

The composition of the mantle that was
melted to form magma could be determined
by the La/YDb ratios. Using the theoretical
melting model by McKenzie and Bickle
(1988), Johnson et al. (1990), and McKenzie
and O’Nions (1991), Hoang (2023) reported
that melting a spinel peridotite results in low
La/Yb ratio (less than 15) and melting from a
garnet peridotite results in a high La/Yb ratio
(greater than 20). A spinel-garnet peridotite
results in an intermediate La/Yb ratio (15-20).
The less differentiated Nam Meng gabbro-
diorite has low La/Yb ratios (1.48-3.21; Table
1; Fig. 15). It suggests that the Nam Meng
dioritoid was derived from a magma that
melted from a spinel peridotite mantle.

The &eng 200 May Of the Nam Meng dioritoid
are close to bulk earth silicate at 290 Ma
(BSE; -1.74 to 1.46; Table 2). The ¥’Sr/*Sr
90 Ma) Of the Nam Meng dioritoid varies in a
wide range from intermediate to high
(0.70446 to 0.70764; Table 2). The Sr and Nd
isotope of the Nam Meng dioritoid is plotted

contaminated by the continental crust and
maintained the geochemical characteristics of
the original melt.

N N R RS N (RS GEN T S B [ N TR RO CEG N S E ER |

Continental crust 5
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Figure 14. Ti/Zr vs Ba/Zr diagram for the Nam
Meng dioritoid. Primitive mantle (PM) after
McDonough and Sun (1995), Mantle Array after
Hoang and Uto (2003)

among the depleted mantle (DM), enriched
mantle 1 (EM1), and enriched mantle 2 (EM2)
(Fig. 8; after Hofmann and White, 1982;
White and Hofmann, 1982; Zindler and Hart,
1986) suggesting that the Nam Meng magma
resulted from mixing among DM, EMI, and
EM?2 sources.

Hieu et al. (2017) proposed that the Nam
Meng granodiorite was derived from
remelting of oceanic basalt source based on
the low concentrations of MgO, Cr, and Ni
and the similar between Nb/Ta and Zr/Hf
(15.9 + 0.6 and 35.5-45.5, respectively) ratios
with those of oceanic island basalt (OIB). The
low concentration of MgO, Cr, and Ni in the
granodiorite could be explained by the
magmatic differentiation (Fig. 5). The Nb/Ta
and Zr/Hf ratios of the Nam Meng
granodiorite are in the wide range of the Nam
Meng dioritoid (Table 1). On the other hand,
the Nam Meng dioritoid has a positive

anomaly of Pb (Fig. 9). Therefore, the oceanic
crust is considered a member involved in
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forming the Nam Meng spinel peridotite
mantle source.

The oceanic crust mixes with EM1 and
EM2 in the subduction zone (Hofmann and
White, 1982; White and Hofmann, 1982).
That means there was ancient subduction that
happened before the Indosinian event. The
calculated Tpm> of the Nam Meng dioritoid
varies in a wide range from 710 to 2,830 Ma.

with mean = 1,258 + 47 Ma (Fig. 16). It
corresponds to the Meso-Neopreoterozoic
Rodinia supercycle. This age is higher than
the Hf model age in zircon reported by Hieu
et al. (2017) for the Nam Meng granodiorite
(686-670 Ma) but close to the Nam Rom
granodiorite (1,184 Ma) Chieng Khuong
quartz diorite (1,328 Ma) and Phia Bioc
biotite granite (1,227 Ma).
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Figure 15. SiO; vs La/YDb diagram for the Nam Meng
dioritoid. Phase boundary after Hoang (2023)

4.3.3. Degree of partial melting

Although the magmatic differentiation and
mantle mixing processes could explain most
of the major oxides geochemistry apd
dispersive Sr and Nd isotope of the Nam
Meng dioritoid, respectively, they could not
work well for the LILE and HSFE, especially
Hf. In the Nam Meng massif, the less
differentiated gabbro-diorite and the more
differentiated quartz diorite occur together
(Fig. 1). Each rock type has a low-Hf and a
high-Hf series. The low-Hf Nam Meng
dioritoid has a Hf negative anomaly, while the
high-Hf Nam Meng quartz diorite has a Hf
positive anomaly. There is no Hf anomaly in
most of the high-Hf Nam Meng gabbro-diorite
samples, except for the sample H207/92,
which has the highest Hf content (Table 1;
Figs. 6, 9).

268

Figure 16. Histogram of Nd model age of the
Nam Meng dioritoid

In the subduction zone, water is released
from hydrous minerals in the subducted slab
and rises to the overriding mantle wedge. The
water lowers the mantle wedge’s melting
temperature, causing partial melting to form
magma. The degree of partial melting strongly
affects trace elements' concentration in
magma (Kimura and Yoshida, 2006; Kelly et
al., 2010; Jamali, 2017). Jamali (2017)
reported that, in the subduction zone, the
increase in crust thickness with arc maturity
caused low partial melting and more
differentiation, leaving magmas with low Zr,
Hf, and HREEs behind.

The difference in the Hf contents of the
Nam Meng dioritoid could have resulted from
the different degrees of partial melting in the
subduction zone. Whereas a high degree of
partial melting generated high-Hf magma, a
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low degree generated low-Hf magma. Much
of Hf went to the melt at a high degree of
partial melting, causing low ratios of Zr/Hf
and Ba/Hf. With the decrease of partial
melting, less Hf went to the melt, causing the
increase in the Zr/Hf and Ba/Hf ratios
(Figs. 17, 18). The Zr/Hf and Ba/Hf ratios
increase slowly at the high-Hf series at 2.5 to
8 ppm concentrations. Then, these ratios
increase quickly at the low-Hf series at
concentrations less than 1 ppm. That means
the fractionation between Hf and other

elements is more significant at low degree
partial melting than at high partial melting. At
the high degree of partial melting, the
proportion of Hf that went to the melt is
competitive with other LILE and HSFE
elements. The Zr/Hf ratios in the melt at the
high degree of partial melting are even lower
than Zr/Hf in the primitive mantle
(Zrn/Hfy < 1; Fig. 19). The Hfy and Zrv/Hix
have a liner correlation in logarithmic scale
(Fig. 19).
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Figure 17. Hf vs Zr/Hf diagram for the Nam Meng Figure 18. Hf vs Ba/Hf diagram for the Nam Meng
dioritoid dioritoid
The degree of partial melting also controls 0 [ i E
the total alkaline (Na,O + K,0O) of the Nam
Meng dioritoids. However, it shows a - Wy
different tendency at low and high degrees of 3 ., 3
partial melting. At a low degree of partial ¢ [ &.
melting, the total alkalinity quickly increases 8§ [ s
with the increase of partial melting. On the 1k ’e o=
other hand, at the high degree of partial b 53
. . B ’\.\
melting, the total alkaline slowly decreases I
with the increase of partial melting (Fig. 12). sal o« snemnl o vy vem "
It suggests that the concentration of the total 0.1 1 i 10 100

alkaline reaches a peak at the intermediate
degree of partial melting and lower when the
degree of partial melting changes.

Figure 19. Logarithmic PM normalized Hf vs
Zr/Hf diagram for the Nam Meng dioritoid
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5. Conclusions

Based on the study of the elemental and
isotope geochemistry, the formation of Nam
Meng dioritoid could be concluded as follows:

(1) The Nam Meng dioritoid was derived
from a magma partially melted from a spinel
peridotite mantle wedge in the Indosinian
subduction zone at 290 Ma. The spinel
peridotite, in turn, was produced by mixing
among an ancient oceanic crust, EM1, and
EM2 occurred in a paleo-subduction zone at
1,258 Ma corresponding with the Meso-
Neoproterozoic Rodinia supercycle.

(2) The variant in the petrographical and
major oxide of the Nam Meng dioritoid was
caused by the magmatic differentiation
process.

(3) The variant in the LILE and HSFE of
the Nam Meng dioritoid was caused by the
difference in partial melting. A low degree of
partial melting results in a low Hf
concentration and high Ba/Hf and Zr/Hf
ratios. On the other hand, a high degree of
partial melting results in a high Hf
concentration and low Ba/Hf and Zr/Hf ratios.
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