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Abstract

In order to enrich the overall understanding of mantle-sourced magmatism and magma evolution in the East Kunlun, pet-
rographic, chronological, and geochemical analyses of the Hongshuihe gabbro diorites in the middle section of the East
Kunlun were carried out. Two samples from the Hongshuihe gabbro diorites yielded weighted mean zircon U-Pb ages of
246.3+ 1.2 Ma and 238.8 +2.5 Ma, with an average of 242 Ma (Anisian). The Hongshuihe gabbro diorites are characterized
by high Al,05 (18.24 ~20.40%), low TiO, (0.77 ~1.85%), low P,O5 (0.03 ~0.26), and low total alkali content (2.85~14.34%)
and are rich in sodium and low in potassium, indicating calc-alkaline gabbro diorites. The studied rocks are generally enriched
in light rare earth elements (LREEs) and some large ion lithophile elements (LILEs) (such as Rb, Ba, and K), but are depleted
in heavy rare earth elements (HREEs) and some high field-strength elements (HFSEs) (such as Ta and Ti), with a slightly
high (La/Yb)y of 1.68 ~7.28. Combined with the geochemical characteristics and mostly positive ey(f) values (average of
1.2), the source of the Hongshuihe gabbro diorites is considered to be subducted lithospheric mantle-derived magma. The
magma has been assimilated and contaminated by the upper crust material during the process of evolution. According to the
analysis of the regional tectonic background of the East Kunlun region, the Hongshuihe gabbro diorites were formed under
conditions when the Middle Triassic Paleo-Tethys ocean plate subducted northward, similar to the Middle Triassic Hong-
shuihe quartz diorites and granites. The rocks were produced by the subduction fluid metasomatism of the continental crust
due to partial melting of the subduction oceanic crust under conditions of deep burial, high temperature, and high pressure.
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Introduction

Hongshuihe is located in Dulan County, Qinghai Prov-
ince, in northwestern China, and its tectonic position
belongs to the middle section of the East Kunlun Oro-
genic Belt, which was considered to be a late Paleozoic
orogenic belt in previous studies. Recently, a large num-
ber of studies have shown that it is a composite orogenic
belt (Ding et al. 2015; Chen et al. 2017). Its tectonic evo-
lution lasted from the Early Paleozoic to the Cenozoic
(Jiang et al. 1992; Liu et al. 2005; Mo et al. 2007; Ding
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et al. 2014; Chen et al. 2017), and it experienced two
different main stages of tectonic evolution in the early
Paleozoic and late Paleozoic to the early Mesozoic, and
the abundant Early Paleozoic and Late Paleozoic—Early
Mesozoic intrusive rocks exposed in the belt are the prod-
ucts of the Proto-Tethys and Paleo-Tethys phases of the
East Kunlun Orogenic Belt (Liu et al. 2012). Exploring
the petrography, geochronology, and geochemistry of two
sets of intrusive rocks from different periods is beneficial
for investigations of the specific tectonic evolution pro-
cess of the Proto-Tethys and Paleo-Tethys phases of the
East Kunlun Orogenic Belt. Previous research on mag-
matic activity in the East Kunlun have mostly considered
granitic rocks. Song et al. (2019) found a 244 Ma adakite
in Hongshuihe, belonging to the Middle Triassic, which
may be related to the subduction of the Paleo-Tethys
Ocean plate in the Triassic, indicating that the Paleo-
Tethys Ocean was in the subduction stage. In addition to
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the large areas of exposed granites, there are also some
intermediate to mafic rocks exposed in the Hongshuihe
area. Previous studies on these intermediate mafic rocks
are relatively scanty. The intermediate mafic magmatic
rocks are used as rock probes for deep sources, although
they are less exposed in the East Kunlun Orogenic Belt,
but they are of great significance for revealing the nature
of the lithospheric mantle and the deep dynamic process,
which is helpful for strengthening the overall understand-
ing of the evolution process of magma in the East Kunlun
area.

In this study, the petrology, geochronology, and geo-
chemistry of the gabbro diorite pluton exposed in the
Hongshuihe area were studied, and the petrogenesis,
magma source area, and tectonic significance of the plu-
ton are discussed in order to reveal the nature of the lith-
ospheric mantle and the deep dynamic process, and also
to understand the specific tectonic evolution process of
the Paleo-Tethys Ocean in the East Kunlun.

Geological setting

The East Kunlun Orogenic Belt (EKO) is located in the north
of the Qinghai-Tibetan Plateau, adjacent to the Qaidam block
in the north, connected to the Bayan Har—Songpanganzi
accretive complex in the south (Fig. 1). The entire region
has experienced four major tectonic evolution stages:
Precambrian paleocontinental formation, the Caledonian
orogeny, the Late Hercynian—Indosinian orogeny, and the
Meso-Cenozoic overlapping orogeny (Liu et al. 2016).
The regional tectonic pattern is complex, with three major
regional faults running through the area, namely, the North
Kunlun Fault (NKLF), the Middle Kunlun Fault (MKLF),
and the South Kunlun—Aryan Magqin Fault (SKLF-AMF).
According to these faults, Jiang et al. (1992) divided the EKO
into three secondary tectonic metallogenic units, namely,
the North Kunlun Belt (the Qimantage—Dulan metallogenic
belt), the Middle Kunlun belt the (Bokarik—Xiangride
metallogenic belt), and the South Kunlun belt (the
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Fig.1 (a) Sketch tectonic map of China (revised after Yuan et al.
2010). (b) Schematic geological map of the EKO (simplified after
Xu et al. 2007). EKO, Eastern Kunlun Orogenic Belt; NKL, North
Kunlun Belt; MKL, Middle Kunlun Belt; SKL, South Kunlun Belt;
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- Permian to Triassic intrusions
- Ordovician, Silurian to Devonian granitic intrusions
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BH-SG, Bayan Har-Songpanganzi Terrane; ATF, Altyn Tagh Fault;
NKLF, North Kunlun Fault (South Qimantag Fault); MKLF, Middle
Kunlun Fault; SKLF-AMF, South Kunlun—Aryan Maqin Fault
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Xuefengshan—Buerhanbuda metallogenic belt). As a result
of regional uplift and three major regional faults, the main
structure of the area has a NW-SE trend, in which the
NW-trending fault structure is extremely developed, and the
regional mineral distribution and the regional stratigraphic
distribution are obviously controlled by the fault structure.
The East Kunlun Orogenic belt stretches 1200 km along the
northern edge of Qinghai and the Qinghai—Tibetan Plateau
from west to east (Bian et al. 2004) and provides a wealth of
information about the mixed history of the Qinghai-Tibetan
Plateau (Ding et al. 2014).

The Hongshuihe area is located in the west of Dulan
County, Qinghai Province, and belongs to the Middle
Kunlun Belt (Fig. 1b). The exposed strata in the Hong-
shuihe area include the Paleoproterozoic Jinshuikou
Group, the Mesoproterozoic Xiaomiao Formation, the
Wanbaogou Formation, the Langyashan Formation, the
Carboniferous Halaguole Formation, the Triassic Baba-
oshan Formation, and the Jurassic Yangqu Formation
(Fig. 2).

The rocks of the Paleoproterozoic Jinshuikou Group
are distributed across many parts of the area. The strata
are mainly distributed in the central and southeastern
parts of the area. They are felsic gneiss, including a small
amount of marble, plagioclase schist, quartz schist, bio-
tite schist, and muscovite schist, which are the oldest
stratigraphic units exposed in the area. The Mesopro-
terozoic Xiaomiao Formation in the middle and east is
composed of limestone, slate, and quartzite, while the
Mesoproterozoic Wanbaogou Formation in the west
and southeast is composed of dolomite, marble, basalt,
and andesite. The central Mesoproterozoic Langyashan
Formation is an iron ore-bearing stratum, composed of
interbedded limestone, marble, slate, and quartzite. The
southern Carboniferous Halagole Formation is com-
posed of andesite, basalt, limestone, and sandstone. The
southern Triassic Babaoshan Formation is composed of
conglomerate, andesite, tuff, and sandstone. The Juras-
sic Yangqu Formation mainly occurs between the Mes-
oproterozoic Langyashan Formation and the Triassic
Babaoshan Formation in the middle of Hongshuihe. It is
small in scale and is mainly composed of conglomerate,
sandstone, and coal interbeds. Some copper polymetallic
deposits have been found in the Paleoproterozoic Jinshu-
ikou Group and along the boundary between the Paleo-
proterozoic Jinshuikou Group and the Mesoproterozoic
Langyashan Formation (Song et al. 2019) (Fig. 3).

Affected by the MKLF, which is close to the Hongshuihe
area, the tectonic line in the area is SE-NW (Zhang et al.
2009). The area is a wing of the regional folds and is char-
acterized by a stratigraphic monocline (Bao et al. 2010).
The faults are widely distributed in Hongshuihe area, mainly
divided into nearly E-W trending faults, NE trending faults

that are seriously affected by ore body damage, NNE trend-
ing faults, and NW trending faults (Guan 2013; Shen et al.
2009). Moreover, most of the Early—Middle Triassic granitic
intrusive bodies have a NW trend. The Hongshuihe gabbro
diorite body studied in this article intruded into the Paleo-
proterozoic Jinshuikou Group strata, as well as Hongshuihe
quartz diorite and granite bodies (Song et al. 2019).

Sample and analytical methods

The outcrop of the Hongshuihe gabbro diorite dike intrud-
ing into the Paleoproterozoic Jinshuikou Formation is
about 1-km long and 400-700-m wide (Fig. 2). It was
previously thought to be Hercynian (TIQGS 2014). For
this study, seven gabbro diorite samples (HSH03-B1,
HSHO04-B1, HSHO5-B1, 18HSHO1-B1, 18HSH02-B1,
18HSHO03-B1, and 18HSH04-B1) were collected from
surface exposures of the Hongshuihe gabbro diorite dike
in Hongshuihe, which are classified as subalkaline. The
Hongshuihe gabbro diorite dike consists of plagioclase
(40-50%), hornblende (25-45%), pyroxene (2-8%), bio-
tite (5—-15%), quartz (about 12%), alkaline feldspar (about
10%), para-minerals magnetite, and sphene (Fig. 4). These
rocks have semi-automorphic granular structures and mas-
sive structures.

CL imaging of zircons

Before performing zircon U-Pb dating and Hf isotope anal-
ysis, the zircon samples were extracted by crushing, con-
ventional magnetic separation, and gravity separation, and
then the zircon particles with high transparency, no inclu-
sions, and no cracks were manually selected. They were
then installed in epoxy resin and polished, and the crystals
were cut in half for analysis. Finally, zircon U-Pb dating
was performed and Hf isotopic CL photos were taken using
the cathodoluminescence (CL) detector of a JEOL JSM6510
scanning electron microscope by Beijing Geoanalysis Co.,
Ltd., to reveal the internal structure of zircon particles.

LA-ICP-MS zircon U-Pb dating

LA-ICP-MS zircon U-Pb dating data of the samples were
obtained from Shandong Analysis Center of the Chinese
Metallurgical Geology Bureau. The experiment was car-
ried out by a Xseries2 plasma mass spectrometer LA-ICP-
MS produced by American Thermoelectric Company with
a 193-nm laser ablation system. The detailed operation
methods of the laser denudation system and the ICP-MS
instrument’s parameters are available elsewhere in the
literature (Liu et al. 2010). Using 91,500 zircon as the
external standards, U-Pb dating was performed for every
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Fig.2 Geological map of the Hongshuihe area in the EKO (modified and simplified after TIQGS 2014). Age of intrusions: (1) Hongshuihe
quartz diorite, 244 Ma (Song et al. 2019); (2) Hongshuihe granite, 246 Ma (Song et al. 2019)
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Fig.3 Geologic map of the
Hongshuihe gabbro diorites
from the Hongshuihe area in the
EKO (modified and simplified
after TIQGS 2014)

5 zircons, and the drift of the U-Th-Pb isotope ratio over
time was corrected twice (Liu et al. 2008, 2010). It can be
seen that the background acquisition time of each analy-
sis was 20-30 s, and the data acquisition time was 50 s.
ICPMSDataCal was used for offline selection and inte-
gration of the background signals and analysis signals,
time-shift correction, and quantitative calibration of the
U-Pb dating (Liu et al. 2008, 2010).

The commonly used parameter of lead content was
assessed using the method described by Andersen (2002).
The ages of the harmonic plots were calculated and plot-
ted by using Isoplot V 3.23 (Ludwig 2003).

Mesoproterozoic Langyashan Formation
limestone, marble, slate interbedded with quartzite

Paleaeproterozoic Jinshuikou Group
felsic gneiss with minor marbole, plagioclase schist,
quartz schist, biotite and muscovite schist

Early Triassic gabbro diorite

N

‘T

0 150 300
I ————

Early Triassic quartz diorite

Middle Triassic granites

10 Sample locaion and number

Whole-rock major and trace element analyses

All geochemical tests of the samples were performed by
the ALS Chemex Co., Ltd. (Guangzhou). Major elements
were determined by X-ray fluorescence spectrometry (XRF).
Trace elements were determined by inductively coupled
plasma-atomic emission spectrometry and inductively cou-
pled plasma—mass spectrometry. The rare earth elements
were determined by inductively coupled plasma—mass spec-
trometry (ICP-MS) with an Agilent7700x spectrometer pro-
duced in the USA. In order to facilitate the interpretation
of the data, a normalized diagram of spheroidal rare earth
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Fig.4 Picture of the outcrop of
gabbro diorites in the Hong-
shuihe area. (a, b) Repre-
sentative photographs of the
specimens: (¢) 18HSHO03-B1
and (e) HSHO05-B1, along with
micrographs taken under cross-
polarized light ((d) 18HSHO3-
B1; (f) HSHO5-B1) of gabbro
diorites in the Hongshuihe area.
Abbreviations: Bt, biotite; Hbl,
hornblende; Pl, plagioclase;
Qtz, quartz; Or, orthoclase

elements was also provided. The precision of the major ele-
ment analysis was better than 5%, and the precision of the
trace element and rare earth element analyses was 5-10%.
Detailed steps of the operation and the instrument parameter
settings are shown elsewhere in the literature (Gou et al.
2013; Ding et al. 2014).

LA-MC-ICP-MS zircon Hf isotope analyses

The experiment was conducted using the Neptune 11 MC-
ICP-MS instrument and the New Wave UP213 laser abla-
tion microprobe from the State Key Laboratory for Mineral
Deposits Research, Nanjing University. More information
on the instrument conditions and data acquisition can be
obtained from Wu et al. (2006) and Hou et al. (2007). In
the present analysis, a laser 35 pm in diameter was used for
in situ analysis. Helium gas was used as the carrier gas, and
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a small amount of helium was added into the gas phase car-
rier, which was beneficial for achieving higher sensitivity.

Results
Zircon U-Pb ages

The CL images of zircon from the gabbro diorite sam-
ple (18HSH02-B1) showed that the zircon grains are
dark in color with a long columnar length ratio of 2:1 to
3:1 (250-400 pm in length). The Th/U ratio of the zircon
was between 1.38 and 4.07, which further confirmed the
magmatic origin. From a total of 25 analysis points, all
on the concordia line, the 2°°Pb/238U age was estimated
to be 228 ~250 Ma and the weighted average age was
238.8+2.5 Ma (Fig. 5a, Fig. 6a, b).
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from the Hongshuihe gabbro diorites from the Hongshuihe area in the
EKO. (a) Zircon CL images of 18HSHO02-B1. (b) Zircon CL images
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Fig.6 Zircon U-Pb concordia diagrams for the Hongshuihe gabbro
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bro diorites. (¢, d) Diagram of zircon U-Pb dating of the HSH05-B1

sample from the Hongshuihe gabbro diorites
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Most of the zircons from the gabbro diorite sample
(18HSHO05-B1) are colorless and mostly granular, with crystal
lengths ranging from 100 to 200 pm. Some zircons have obvi-
ous zonal structures. Dating analysis of 26 zircons was carried
out, and the results are shown in Table 1. The Th/U values of
the zircons ranged from 0.36 to 0.92, consistent with mag-
matic zircons (Th/U>0.1). All the analyzed data points were
located on and near the concordia line. The age of 2*°Pb/>33U
ranged from 241 +3 to 251 +4 Ma, and the weighted average
age was 246.3 + 1.2 Ma (MSWD =0.86) (Fig. 5b, Fig. 6c, d).

In conclusion, the Hongshuihe gabbro diorite samples
were formed in the Middle Triassic.

Major elements

The contents of SiO, in the samples ranged from 46.52 to
54.01%, the total alkali content (K,0 +Na,O) ranged from
2.85 to 14.34%, and Al,05 (18.24 to 20.04%) and "Fe,O;
(8.39 to 13.66%) were relatively high. The MgO content was
3.18-5.85%, the CaO content was 7.58—10.45%, the Mg"”
value (Mg#=Mg/(Mg+FeT)) was low (0.40-0.56), and the
TiO, content was 0.77-1.85%. The over-alkali index (the
w(K,0+Na,0)/w(Al,03) molecular ratio) was 0.26-0.35, and
the A/CNK aluminum index was 0.79-0.96. In the discriminant
diagram of the aluminum index (Fig. 8), all samples fell within
the quasi-aluminum region. In the TAS diagram (Fig. 7), the
samples were distributed in the subalkaline gabbro and gabbro
diorite regions. The Na,O/K,0 of the samples ranged from 2.32
to 8.46. In the diagram of K,O and SiO, (Fig. 8), the samples
are mainly distributed in the calc-alkaline series.

In the Harker diagrams, which display binary major ele-
ments vs. MgO variations (Fig. 9), the major elements of
the samples of the Hongshuihe gabbro diorites showed no
obvious correlations with MgO.

Trace elements

The total amount of rare earth elements () REE) of the sam-
ples from the investigated area was between 56.45x 1076
and 129.32x 107°, the content of light rare earth elements
(LREEs) was between 43.67x 1070 and 98.15x 107, and the
content of heavy rare earth elements (HREEs) was between
7.33x 107 and 32.61 x 107%. LREE/HREE =2.63-7.55
indicates obvious fractionation of LREEs and relatively
weak fractionation of HREEs. According to the chondrite
normalized distribution diagram (Fig. 10a), the chon-
drite showed a slight right-leaning distribution pattern of
LREE enrichment and a relative deficit of HREE, with (La/
Yb)y=1.68-7.28. The Europium basically showed no anom-
aly (8Eu=0.77-2.35). In the normalized spiderweb map of
the original mantle of trace elements (Fig. 10b), the samples
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are enriched in large ion lithophile elements (LILEs) such as
Rb, Ba, and K, and depleted in high field strength elements
(HFSEs) such as Ta and Ti to varying degrees (Table 2).

Zircon Hf isotopes

In situ zircon Hf isotope analysis of the sample HSHOS5-
B1 was conducted. The specific analysis results are shown
in Table 3, and the Hf isotope characteristics of zircon are
shown in Fig. 11. The zircon "°Hf/!"Hf ratios of the diorite
(HSHO5-B1) ranged from 0.282610 to 0.282685, and the
eys(t) values ranged from —0.5 to 3.6, with an average of
1.27. The samples are mainly concentrated near the chon-
drite line in the partial enlarged diagram of Fig. 11a.

Discussion

Geochronology of the Middle Triassic gabbro
diorites

This study obtained reliable LA-ICP-MS U-Pb zircon ages
from the gabbro diorites intruding into the Mesoproterozoic
Jinshuikou Group in the Hongshuihe area of the EKO. Two
samples of the Hongshuihe gabbro diorites yielded weighted
mean zircon ages of 238.8 +2.5 Ma and 246.3+ 1.2 Ma,
with an average age of 242 Ma (Ansian), indicating that
the Hongshuihe gabbro diorites were formed in the Mid-
dle Triassic. Previous research indicated that the EKO has
experienced subduction, syncollision, and post-collision
stages (Chen et al. 2017; Ding et al. 2014, 2015; Song
et al. 2019). In comparison with the 244 +2 Ma (Anisian)
Hongshuihe quartz diorites and the 246 + 1 Ma (Olenekian)
granites (Song et al. 2019), the Balugou 244 Ma (Anisian)
granites (Ding et al. 2014), the Wulonggou 248 Ma (Ole-
nekian) granodiorites, and the Xiaoyakou 246 +3 Ma (Ole-
nekian) granites (Ding et al. 2015), the Hongshuihe gabbro
diorites were formed at a similar but slightly later time to
these nearby rock dikes, which suggests that the gabbro
diorites may be closely related to these rocks, especially
the Hongshuihe quartz diorites and granites. Further study
on the genesis of the Hongshuihe gabbro diorite will help
to limit the subduction time of the Paleo-Tethys Ocean and
complete the picture of the tectonic evolution of the East
Kunlun orogenic belt.

Petrogenesis of the Hongshuihe gabbro diorites
Petrogenetic type

The TAS diagram showed that the Hongshuihe gabbro dior-
ite samples were distributed across the subalkaline gabbro
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Fig.7 TAS diagram (modified after Cox et al. 1979)

and gabbro diorite regions. In the discriminant diagram of
the aluminum index and the diagram of K,O and SiO,, they
mainly fell within the quasi-aluminum region and the calc-
alkaline series, respectively. Compared with subalkaline
gabbro, observation of the sample under the microscope
showed that the content of pyroxene was only 2-8%, so the
possibility of subalkaline gabbro was excluded and the rocks
were determined to be gabbro diorite. Furthermore, the SiO,
content of the gabbro diorites samples was 46.52 ~54.01%,
with an average of 49.89%, which is higher than that of typi-
cal gabbro samples (47.62%) (Zhang 2017). The Na,O con-
tent was 2.41~3.89%, the K,O content was 0.44 ~1.08%,
and their mean values were, respectively, 2.74% and 0.62%.
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The Na,O content was greater than the K,O and Al,O,
content which was 18.24 ~20.40%; the mean value was
19%, which was higher than normal gabbro value, which
is 14.52%. The CaO content was 7.58 ~10.45%, showing
characteristics of rich sodium, low potassium, rich calcium,
and high aluminum, similar to the rocks in typical subduc-
tion zones (Zhang and Zhou 2001).

In the chondrite-normalized REE patterns, the light rare
earth elements were enriched but the heavy rare earth ele-
ments were depleted, and the line of the heavy rare earth
elements was nearly flat, probably related to the residue
of hornblende. Eu anomalies are often associated with the
crystallization process of plagioclase, negative anomalies
with the separated crystallization of plagioclase, and posi-
tive anomalies with the stacking crystals of plagioclase. The
OEu of the rock samples ranged from 0.77 to 2.35, show-
ing a weak positive Eu anomaly, and there was no correla-
tion between Al,O5, P,0Os5, and MgO in the Harker diagram
(Fig. 9), indicating that the separation and crystallization
process of plagioclase and apatite was not obvious. The
total amount of rare earth elements () REE) of the samples
was between 56.45x 107 and 129.32x 107°, with an aver-
age value of 93.36 x 107, which is higher than that of the
original mantle (};REE=7.43 x 107%), lower than that of the
OIB (Y REE=198.96 x 107%), and slightly higher than that
of the E-MORB (Y REE =49.09 x 107%) (Sun and McDon-
ough 1989). The distribution curve of rare earth elements
is similar to that of the E-MORB, but is obviously different
from that of the N-MORB (Fig. 10a), suggesting that the
magma came from the enriched mantle source area, but the
degree of differentiation of light and heavy rare earth ele-
ments is stronger than that of the E-MORB. Furthermore,
compared with Hongshuihe granites and quartz diorites, the

7
b @ Gabbro diorites of this study
( ) <> Granites after Song etal., 2019
6 /\ Quartz diorites after Song et al., 2019
5 F . .
shoshonite series
4 F
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Fig.8 (a) A/CNK versus A/NK diagram (Maniar and Piccoli 1989). (b) K,O versus SiO, diagram (modified after Rickwood 1989)

@ Springer



715 Page 12 of 22

Arab J Geosci (2022) 15: 715

2.0
® Gabbro diorites of this study LY
1.6 F © Granites after Song etal., 2019 @
\ Quartz diorites after Song et al., 2019
ON 1.2 Y
o y PS [ ]
Eoos | A \ B [
A
04 | §<>
0.0
0 1 2 3 4 5 6 7
MgO
14 | ..
12
w 10 [ ([
S, ¢ %
> 8
= A
) 6 A
NE
A
4 &Q
2 . .
0 1 2 3 4 5 6 7
MgO
12
10 | .. o ©®
s [ ]
([ J
S :
6
&} NA
4 JAN
2 | 8°
0 .
0 1 2 3 4 5 6 7
MgO
5
4 <&
&
3
< AAD
M 2 /) A
1 ..
° e  ©
0 . .
0 1 2 3 4 5 6
MgO

22
o
20 | o
[ ([ J
S s Soe
"~ A /
— VAN AN
< 16 & A
Ny
14 %
<&
12
0 1 2 3 4 5 6 7
MgO
0.3
0.25 | ..
0.2 [ 1
3 [
= 0.15 ; o0
01 | A
: A DA
0.05 | QO
0 u I
0 1 2 3 4 5 6 7
MgO
4.0
®
{
35 | %0 \ A
S AL
=)
'~
< 3.0
Z A
[ L ®
2.5 ® ..
2.0 .
0 1 2 3 4 5 6 7
MgO
0.3
[
A
0.2 A
- A , s
=} \
- ([
0.1 | &
& ®e
([
0.0 : .
0 1 2 3 4 5 6 7

Fig. 9 Harker diagrams of the Hongshuihe gabbro diorites from the Hongshuihe area in the EKO

REE distribution pattern curves of these two are quite dif-
ferent, indicating that they were formed in different source
regions as well. The REE distribution curves of the samples
in this study were generally similar to those of island arc
magmatic rocks (Wilson 1989; Henderson 1984).

The primitive-mantle-normalized variation spiderweb
map of trace elements showed that LILEs (Rb, Ba, K, and

@ Springer

Th) and LREEs are enriched, while HFSEs (Nb, Ta, and T1)
are depleted and P has a negative anomaly. The slight dif-
ference in large ion lithophile elements suggests that these
rocks were disturbed by some factor, which may be related to
fluid metasomatism. The geochemical characteristics of the
trace elements in the rocks are consistent with the magmatic
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Fig. 10 (a) Chondrite-normalized REE patterns of the Hongshuihe
gabbro diorites from the Hongshuihe area in the EKO. (b) Primitive
mantle-normalized variation spiderweb map of the Hongshuihe gab-
bro diorites from the Hongshuihe area in the EKO. The normalization

products in the island arc area of the active continental mar-
gin (Pearce et al. 1984; Marjorie 1989).

In conclusion, the Hongshuihe rocks in this study were
determined to be gabbro diorite, and the samples are inter-
mediate-basic, quasi aluminum, and calc-alkaline series
rocks.

Origin and petrogenesis

Regarding the origin of intermediate-basic magma, there
are generally several viewpoints as follows: partial melting
of basaltic magma, fluid—melt interactions and fractional
crystallization (FC) of mantle-derived primitive magma, or
magmatic mixing (Dou et al. 2020; Dong et al. 2018).

The Hongshuihe gabbro diorites are characterized by
low SiO, (the mean value is 49.89%) and high Mg* (the
mean value is 47), and they are rich in sodium (Na,O/
K,0=2.31~8.46) and transitional elements. The Nb/Ta
ratios of the samples ranged from 12.5 to 24, with an average
of 18.58, slightly higher than the Nb/Ta ratios of the mantle
(17.5) (Sun and McDonough 1989) and much higher than
the Nb/Ta ratios of the continental crust (Taylor and Mclen-
nan 1985). The Zr/Hf ratios of the samples ranged from
26.15 to 51.32, with an average of 35.43, close to the Zr/
Hf ratio of mid-ocean ridge basalts (36) (Taylor and Mclen-
nan 1985), indicating that the Hongshuihe gabbro diorites’
magma source area should be the mantle source region. In
general, rocks derived from asthenosphere mantle basalt
have the characteristics of a La/Nb ratio < 1.5 and a La/Ta
ratio < 22. The average La/Nb ratio of the samples was 1.73,
while that of the gabbro diorites in this study was greater
than 22 (except for the sample 18HSH02-B1, which had a

1000

(b)

100 |

10

sample/primitive mantle

RbBaTh U K TaNbLaCe SrNd P Zr HfSmTi Y YbLu

values of chondrite are from Boynton (1984); the normalization val-
ues of the primitive mantle, N-MORB, E-MORB, and OIB are from
McDonough and Sun (1989)

ratio of 20.33), with an average of 31.44, which means that
the rocks derived from the lithospheric mantle rather than
the asthenosphere mantle. Moreover, the Rb/Sr ratio of the
samples ranged from 0.029 to 0.14 with an average value of
0.06, which is far smaller than that of the crust (0.35) and
close to that of the upper mantle (0.034) (Taylor and Mclen-
nan 1995). The Rb/Ba ratios ranged from 0.08 to 0.13 with
an average value of 0.09, which is similar to the Rb/Ba ratio
of the upper mantle (0.088) (Sun and McDonough 1989).
Therefore, the magma source region of Hongshuihe gabbro
diorites was the upper mantle.

Rare earth elements are usually less affected by mantle
depletion or fluid metasomatism, so they are often used
to reflect the characteristics of the parent magma in the
magma source area. The samples’ (Tb/Yb)y ratio was low
(1.03~1.29; the average value was 1.19), indicating that
the rocks were mainly derived from the partial melting of
the spinel lherzolite (Wang et al. 2002). According to the
discrimination diagram of Sm-Sm/Yb (Fig. 12a), the over-
all melting trend of the samples of the Hongshuihe gabbro
diorites is consistent with the partial melting trend curve of
spinel lherzolite, indicating that the rocks are the products of
partial melting of spinel lherzolite (about 5 ~30%). In addi-
tion, the samples have a low Ce/Y ratio (0.72~2.93, with an
average of 1.28), and the samples are mainly located in the
stable region of spinel on the (La/Sm)y—(Tb/Yb)y diagram
(Fig. 12b), suggesting that the rocks were from the relative
stable region of spinel (a depth of about 60 km).

The trace elements of the rock show the characteristics
of depletion in HFSEs (Ta, Ti) and enrichment in LILEs
(Rb, Ba, K), indicating that the magma source area may
be contaminated with crustal materials. The Ce/Pb ratio of

@ Springer



715 Page 14 of 22 Arab J Geosci (2022) 15: 715

Table 2 Major (Wt%) and trace elements (ppm) in the Hongshuihe gabbro diorites from the Hongshuihe area in the EKO

HSHO03-B1 HSHO04-B1 HSHO05-B1 18HSHO1-B1 18HSH02-B1 18HSHO03-B1 18HSH04-B1

SiO, 47.44 54.01 53.74 50.74 47.37 4941 46.52
TiO, 1.63 1.14 0.89 0.77 1.78 0.98 1.85
Al,O4 18.36 19.78 18.33 20.40 18.24 19.24 18.68
TFe,0, 13.66 9.30 8.91 8.39 13.84 10.00 13.56
MnO 0.23 0.21 0.14 0.14 0.24 0.17 0.23
MgO 4.76 3.18 5.24 5.37 5.00 5.85 4.76
CaO 10.16 7.58 8.67 9.78 9.82 10.10 10.45
Na,O 2.64 3.89 2.50 241 2.67 2.60 245
K,0 0.44 0.46 1.08 0.73 0.53 0.59 0.49
P,04 0.18 0.26 0.03 0.08 0.09 0.13 0.19
LOI 0.70 0.18 1.01 1.22 0.80 0.79 0.67
Total 100.13 100.09 100.51 100.12 100.50 99.98 100.09
c 2.14 1.72 1.19 1.27 2.34 1.59 2.46
A/CNK 0.79 0.96 0.87 0.90 0.80 0.83 0.79
A/NK 3.81 2.87 3.47 4.29 3.67 391 4.10
Mg* 0.41 0.40 0.54 0.56 0.42 0.54 0.41
Li 10.90 10.90 20.10 15.60 9.70 11.80 6.30
Be 0.75 0.97 0.64 0.61 0.76 0.71 0.69
Sc 41.70 10.00 20.70 19.20 44.50 27.20 44.80
v 249.00 68.00 179.00 162.00 385.00 204.00 327.00
Cr 13.00 12.00 19.00 24.00 11.00 27.00 13.00
Co 28.70 16.10 27.70 28.00 28.70 31.00 27.60
Ni 2.10 4.10 9.00 11.20 1.50 6.50 1.10
Cu 15.20 7.40 3.50 3.90 8.20 13.00 13.00
Ga 22.20 20.80 17.30 18.00 22.30 19.90 22.40
Rb 8.90 15.10 38.70 24.50 12.50 16.50 9.80
Ba 117.00 188.50 299.00 216.00 186.50 154.00 124.00
Sr 303.00 376.00 277.00 320.00 306.00 322.00 311.00
Y 48.90 8.70 16.90 19.30 49.40 28.10 46.80
Zr 143.00 272.00 60.00 82.00 68.00 103.00 128.00
Nb 10.00 7.50 4.40 4.80 10.30 8.50 11.90
Sn 1.00 1.00 1.00 1.20 1.30 0.80 1.20
Cs 0.66 1.26 2.39 1.42 0.82 1.30 0.88
La 16.00 14.00 11.60 8.50 12.20 15.60 14.80
Ce 41.30 25.50 23.10 18.80 35.50 36.90 38.90
Pr 5.82 2.75 2.77 2.39 5.23 4.60 5.38
Nd 26.20 9.80 11.00 10.40 24.40 18.70 24.80
Sm 6.85 1.88 2.67 2.60 6.64 4.23 6.71
Eu 1.98 1.42 1.01 0.98 1.90 1.34 1.79
Gd 7.86 1.75 2.83 3.06 7.99 4.80 7.47
Tb 1.37 0.31 0.51 0.54 1.40 0.78 1.28
Dy 8.72 1.80 3.31 3.55 9.06 4.99 8.45
Ho 1.72 0.41 0.66 0.75 1.82 1.03 1.71
Er 5.13 1.23 1.98 2.12 5.54 3.06 5.20
Tm 0.79 0.21 0.34 0.32 0.83 0.46 0.73
Yb 4.86 1.38 2.02 2.12 5.20 2.88 4.72
Lu 0.72 0.24 0.33 0.32 0.77 0.47 0.70
Hf 3.90 5.30 2.10 2.20 2.60 3.00 3.80
Ta 0.60 0.60 0.30 0.20 0.60 0.40 0.50
Pb 5.50 6.30 4.70 5.40 4.20 4.70 4.40
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Table 2 (continued)

HSHO03-B1 HSHO04-B1 HSHO05-B1 18HSHO1-B1 18HSH02-B1 18HSHO03-B1 18HSH04-B1
Th 1.19 1.54 4.57 2.11 0.83 221 0.96
U 0.30 0.40 0.50 0.36 0.25 0.36 0.24
XREE 129.32 62.68 64.13 56.45 118.48 99.84 122.64
LREE 98.15 55.35 52.15 43.67 85.87 81.37 92.38
HREE 31.17 7.33 11.98 12.78 32.61 18.47 30.26
LREE/HREE 3.15 7.55 4.35 3.42 2.63 4.41 3.05
(La/Yb)y 2.36 7.28 4.12 2.88 1.68 3.89 2.25
(La/Sm)y 1.47 4.68 2.73 2.06 1.16 2.32 1.39
SEu 0.82 2.35 1.12 1.06 0.80 0.91 0.77

Table 3 LA-ICP-MS in situ analysis of the zircon Lu—Hf isotopic composition for the Hongshuihe gabbro diorites from the Hongshuihe area in

the EKO

Spot t(Ma) SYb/'THf 20 SLu/'Hf 20 TSHE/'TTHE 20 e (0)  eg® 20 Tpyy Tpve fLWHF

HSHO5-B1
01 248  0.019436  0.000264 0.000936  0.000014 0.282648  0.000018 —4.4 09 06 853 1215 -097
02 247  0.006101  0.000085 0.000287  0.000004 0.282650  0.000016 —4.3 1.1 06 837 1206 -0.99
03 244  0.010484  0.000046 0.000526  0.000002 0.282644  0.000017 —4.5 08 06 850 1224 -0.98
04 243  0.021403  0.000912 0.001036  0.000041 0.282627  0.000018 —5.1 0.1 06 885 1267 -0.97
05 245 0013809  0.000073 0.000655  0.000002 0.282623  0.000018 —5.3 00 07 883 1273 -0.98
06 244 0023205  0.000346 0.001098  0.000016 0.282682  0.000016 —3.2 20 06 810 1145 -0.97
07 241 0.018352  0.000172 0.000839  0.000007 0.282658  0.000015 —4.0 1.1 05 838 1198 -0.97
08 243 0016320  0.000086 0.000736  0.000004 0.282610  0.000017 -57 —05 0.6 902 1302 -0.98
09 244 0016982  0.000279 0.000792  0.000009 0.282684  0.000016 —3.1 2.1 06 800 1136 —0.98
10 251 0.008645  0.000019 0.000410  0.000001 0.282661  0.000017 —3.9 15 06 824 1181 -0.99
11 243 0036633  0.001312 0.001705  0.000055 0.282654  0.000022 —4.2 09 08 862 1213 -095
12 241 0.015045  0.000085 0.000750  0.000004 0.282653  0.000019 —4.2 1.0 07 843 1208 -0.98
13 248 0010504  0.000200 0.000496  0.000010 0.282665  0.000015 —3.8 1.6 05 81 1174 -0.99
14 247 0024014  0.000270 0.001102  0.000013 0.282685  0.000016 —3.1 22 06 806 1136 —0.97
15 245 0018021  0.000543 0.000818  0.000023 0.282671  0.000018 —3.6 1.7 06 819 1165 -098
16 247 0016684  0.000098 0.000776  0.000003 0.282665  0.000018 —3.8 15 06 87 1178 -098
17 251 0.009977  0.000143 0.000468  0.000007 0.282653  0.000016 —4.2 12 06 837 1199 -0.99
18 246 0011153  0.000131 0.000497  0.000006 0.282645  0.000014 —4.5 08 05 849 1221 -0.99
19 252 0015040  0.000212 0.000706  0.000009 0.282664  0.000015 —3.8 1.6 05 86 1176 -0.98
20 247 0017849  0.000052 0.000787  0.000003 0.282661  0.000015 —3.9 14 05 832 1185 -0.98
21 249 0011368  0.000069 0.000533  0.000003 0.282640  0.000016 —4.7 07 06 856 1229 -0.98
22 251 0.011161  0.000032 0.000515  0.000001 0.282644  0.000015 —4.5 09 05 850 1220 -0.98
23 248 0015166  0.000179 0.000704  0.000007 0.282723  0.000015 —1.7 3.6 05 744 1045 —0.98
24 246 0010519  0.000056 0.000497  0.000003 0.282659  0.000016 —4.0 13 06 89 1188 -0.99
25 246 0.015385  0.000291 0.000688  0.000012 0.282646  0.000020 —4.5 08 07 851 1220 -0.98
26 250  0.010273  0.000117 0.000473  0.000004 0.282664  0.000019 —3.8 1.6 07 81 1174 -0.99

the typical mantle is 25, and the Ce/Pb ratio of the crust
is relatively small (<4.1) (Hofmann 1988). The Ce/Pb
ratio of the samples of the Hongshuihe gabbro diorites is
3.48 ~8.84, with an average value of 6.44, indicating that
some crust-derived materials may have been added into the
rock source area. However, the ratios of Nb/Ta and Zr/Hf

are, respectively, 18.58 and 35.43, which are similar to those
of original mantle values (Nb/Ta=17.5, Zt/Hf =36.27) and
higher than the continental crust average values (Nb/Ta=11,
Zr/Hf =33) (Taylor and Mclennan 1985; Stolz et al. 1996).
This implies that the rock mass may not have been obvi-
ously contaminated by the crustal region or else were only
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Fig. 11 (a) Diagram of 2%°Pb/>**U ages vs. the e,(f) of HSHO05-B1 zircons in the Hongshuihe gabbro diorites. (b) Partially enlarged view of (a)
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Fig. 12 Discrimination diagram of the Wang et al. 2002source area of the Hongshuihe gabbro diorites from the Hongshuihe area in the EKO: (a)
modified after Zhao and Zhou 2007; (b) modified after; (¢) modified after Pearce 2008

weakly contaminated. In general, high La/Sm values (> 4.5)
indicate contamination by crustal materials (Lassiter and
Depaolo 1997). The La/Sm of the Hongshuihe gabbro dior-
ites samples was 1.84 ~7.45, with a wide range of variation.
Except for the sample HSHO04-B1 (7.45), the La/Sm ratio of
most samples was less than 4.5, indicating that the degree
of contamination by continental crust material during the
diagenetic process was small and uneven.

Previous studies have suggested that if the '7°Hf/!""Hf
value is high (>0.282722), the corresponding ey(f) value
is positive or zero, indicating that the magma source area
is depleted mantle or new crust. However, zircons from the
old crust or enriched mantle have low "®Hf/!”’Hf values,
and the ey, () values of the old crust are usually negative,
while the e(7) value of the enriched mantle may be a small
positive or negative value (Yang et al. 2018; Wu et al. 2007;

@ Springer

Diwu et al. 2012). The zircon "°Hf/!"Hf value of the sam-
ples ranged from 0.282610 to 0.282685, and the ey(f) value
ranged from — 0.5 to 3.6 (with a mean of 1.27, which is a
small positive value), indicating that the rocks were derived
from enriched mantle.

The Nb/Th ratios of the samples ranged from 0.96 to
12.41, and were basically less than 10, which did not con-
form with the characteristics of the OIB mantle, which has
a high Nb/Th ratio (> 10) (Jochum et al. 1991). This sug-
gests that the samples were unlikely to have derived from the
OIB mantle. The Th/Yb-Nb/Yb diagram (Fig. 12¢) shows
that most of the samples are located above the enriched
mantle sequence, indicating that the mantle source area
was metasomatically enriched by subduction components
(Pearce and Peate 1995). Generally, the mantle source area
is contaminated by crustal materials through metasomatism



Arab J Geosci (2022) 15: 715

Page 170f22 715

of subduction slabs, sediment melts, or subduction fluids.
Partial melting of subducted slabs usually forms adakite
magma. The (La/Yb)y of the samples ranged from 1.68
to 7.28, and the LREEs of the Hongshuihe gabbro diorite
samples were slightly enriched compared with the HREE:.
It is inconsistent with the characteristics of adakite rocks
which have strong LREE differentiation model (Defant and
Kepezhinskas 2001; Tang and Wang 2010). The ratios of
trace elements (Th/Nb, Ba/Th) can effectively identify the
effects of sediments and water-bearing fluids in the subduc-
tion zone. The Hongshuihe gabbro diorite samples have

relatively stable Th/Nb ratios (0.12 ~ 1.04) and a wide range
of Ba/Th ratios (65.43 ~224.7), indicating that water-bearing
fluid entered the mantle source area (Tian et al. 2011; Hanyu
et al. 2006; Woodhead et al. 2001). The low Zr/Y values
(except for that of the sample HSH04-B1, which is 31.26;
the others are all less than 4) also reflect the characteristics
of the source area of the fluid metasomatism mantle wedge
(Gill 1981). The discriminant diagram of contamination in
the source region (Fig. 13a—c) supports this argument as
well, indicating that the source region was mainly meta-
somatic through fluids rather than slab or sediment melts.

Fig. 13 Discrimination diagram of contamination in the source

region of the gabbro diorites from the Hongshuihe area in the EKO:
(a, b) modified after Kepezhinskas et al. 1997; (c¢) modified after
He et al. 2016; (d) modified after Song et al. 2019. Mg#, molecular
MgO/(MgO +Fe,05r). The fields of pure crustal partial melts were
obtained in experimental studies by dehydration melting of low-K
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basaltic rocks at 8-16 kbar and 1000-1050°C (Rapp and Watson
1995), moderately hydrous (1.7-2.3 wt% H,0) and medium to high-
K basaltic rocks at 7 kbar and 825-950 °C (Sisson et al. 2005), and
pelitic rocks at 7-13 kbar and 825-950 °C (Patifio Douce and John-

ston 1991)
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In conclusion, the Hongshuihe gabbro diorites were
derived from partially melted spinel lherzolite in the
enriched mantle and were weakly contaminated by the crust.

Compared with the Hongshuihe gabbro diorites of this
study, previous studies have suggested that the origin of the
Hongshuihe quartz diorites and granites could be thickened
lower crust, while the quartz diorites have their source in
the lower parts of the lower crust, and granites are from the
upper parts (Song et al. 2019). In the diagram of SiO,~Mg*
(Fig. 13b), most of the Hongshuihe granites samples fell
within the pure crustal partial melt region, with another two
falling outside the zone, suggesting that the quartz diorites
could be mixed with mantle magma. To sum up, the three
rocks could be a series of rocks produced by the mantle
magma intruding into the lower crust.

Tectonic significance and implications of the Triassic
tectonic evolution of the EKO

The Th/Ta ratios of the Hongshuihe gabbro diorites were
1.38~15.23, with an average value of 5.59 (> 3). Previous
studies have shown that the Th/Ta ratio of rocks formed in
the island arc environment is generally greater than 3. The

100
IAB-Island arc basalt
(a) OIB-Oceanic island basalt
MORB-Mid-ocean ridge basalt
_ 10
=
S
Z
1
0.5
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N-MORB and
Island arc granit

Intraplate
tholeiths
and island arc basalf

TiO,

Oceanic
island
tholeiite

Island arc theggiite

Island arc calc-alkaline basalt

Th/Ta ratio obtained from the samples obviously aligns
with this characteristic. The Nb/La ratios of the samples
were 0.38 ~0.84, which were all less than 1, and the Hf/
Ta ratios were 4.33 ~ 11 (except for the sample 18HSHO2-
B1), which were all significantly greater than 5. The La/
Ta ratios were 20.3~42.5 (> 15), the content of Nb was
44%107°~11.9%107° (< 12%x 107%), and the content of Ta
was 0.2x107~0.6x107% (< 0.7 x 107%). These character-
istics are obviously different from those of intraplate basalt.
The Th/Yb ratios were 0.16~2.26 (> 0.1), the average Nb/La
was 0.61 (<0.8), and the Hf/Th ratios were 0.46~3.96 (< 8),
which also show the tectonic environment affinity related
to the arc. In the Nb-Nb/Th diagram (Fig. 14a) and the Th/
Nb-Ba/Nb diagram (Fig. 14b), the gabbro diorites samples
are located in the island arc basalt and its vicinity, far away
from the OIB and MORB areas, showing that the source area
was obviously different from the OIB and MORB. Mean-
while, the samples mostly fall into the region of arc basalt
in the 2Nb-Z1/4-Y diagram, the TiO,~10MnO-10P,0O5 dia-
gram, and the Ti/100-Zr-3Y diagram (Fig. 14c—e), far away
from the region of plate basalt. All these indicate that the
Hongshuihe gabbro diorite may have formed in island arc
environment. The average value of Zr/Y was 7.11, the ratios
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Fig. 14 Discrimination diagram of the tectonic environment of the
Hongshuihe gabbro diorites from the Hongshuihe area in the EKO.
(a) Nb/Th versus Nb (x107%) (modified after Li 1993); (b) Ba/Nb
versus Th/Nb (modified after Li 1993); (¢) 2Nb-Zr/4-Y (modified
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after Meschede 1986); (d) TiO,~10MnO-10P,O5 (modified after
Mullen 1983); (e) Ti/100-Zr-3Y (modified after Pearce and Cann
1973)
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Fig. 15 Schematic diagram
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of most samples were greater than 3, the ratios of Ta/Yb
were 0.09 ~0.43, and the average value was 0.17 (>0.1),
showing the characteristics of active continental margin arcs
(Condie 1989). Therefore, the Hongshuihe gabbro diorites
should have formed in the subduction environment of the
active continental margin.

According to the results above, the Hongshuihe gabbro
diorites were formed in the partial melting of the upper mantle,
with slight crustal contamination. This was caused by the
subduction of the Paleo-Tethys Ocean under the EKO, and the
fluid metasomatism of the intermediate-basic magma formed
by the upper mantle. This then intruded upwards into the crust
and mixed with crustal materials to form the gabbro diorites
(Fig. 15). The Hongshuihe gabbro diorites studied here were
formed in the same area at the same time as the 244 +2 Ma
(Anisian) quartz diorites and the 246+ 1 Ma (Olenekian)
granites found by Song et al. (2019). It is more reasonable
to consider the three kinds of rocks in the same tectonic
setting. The previous study concluded that the Hongshuihe
quartz diorites and granites were formed in the subduction
stage before the collision (Song et al. 2019). Combined with
analyses of the origin and petrogenesis, it is likely that in the
Middle Triassic, the Paleo-Tethys Ocean subducted northward
under the EKO, which caused dehydration of the oceanic
slab and partial melting of the asthenosphere mantle, and the
magma of the mantle intruded into the lower crust. The lower
basaltic crust was partially melted to form the Hongshuihe
granites. The partly melting asthenosphere mantle, with
assimilation of and contamination by crustal materials, cooled
and consolidated to form the rock mass of the Hongshuihe
gabbro diorites. At the same time, the mantle magma and the
basaltic crustal magma partly mixed with each other to form
the rock mass of the Hongshuihe quartz diorites.

In conclusion, these rock masses of the Hongshuihe
quartz diorites, granites (Song et al. 2019), and gabbro
diorites were formed by magma mixing, partial melting
of the basaltic lower crust, and partial melting of
the asthenosphere mantle with assimilation of and

contamination by crustal materials, respectively. All these
indicate that the Paleo-Tethys Ocean was subducted during
the Middle Triassic, which is of great significance for
perfecting the details of the tectonic evolution process of
the Paleo-Tethys Ocean.

Conclusions

1. The LA-ICP-MS zircon U-Pb dating results of the
gabbro diorites from the Hongshuihe area showed
that the weighted average zircon 2°Pb/?*¥U ages are
238.8+2.5 Ma (MSWD=0.93) and 246.3+1.2 Ma
(MSWD =0.86), with an average of 242 Ma, indicating
that the gabbro diorites belong to the early of the Middle
Triassic period.

2. The petrogeochemical characteristics showed that the
Hongshuihe gabbro diorites derived from partially
melted spinel lherzolite in the enriched mantle, weakly
contaminated by the crust.

3. The Hongshuihe gabbro diorites in this study and the
Hongshuihe quartz diorites and granites were all formed
in the same tectonic background of the Paleo-Tethys
Ocean subducting northward under the EKO, which
caused dehydration of the oceanic slab and partial melt-
ing of the asthenosphere mantle; then, the magma of the
mantle intruded into the lower crust.
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