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Abstract: Yamusi granodiorite in the eastern part of the Qilian Orogen consists mainly of gneissic
granodiorite. Researchers have studied other nearby rock masses, and many studies, such as those
focusing on the zircon U-Pb age chronology and geochemistry of Yamusi granodiorite, still need to be
completed. We obtained a new LA-ICP-MS zircon U-Pb age of 480.3 & 1.3 Ma for Yamusi granodiorite,
which suggested that it was formed during the early Ordovician period. The whole-rock geochemical
data show that this granodiorite is relatively rich in Na and poor in K (K,O/NayO = 0.40-0.73). The
granodiorite is metaluminous—-weakly peraluminous and can be classified as medium-K calc-alkaline
granite. It yields high Sr/Y ratios (35.17-53.78) and low Yb (<18 ppm) and Y (1.8 ppm) contents, an
Mg# value of <45, and high La/Y ratios (2.9-13.4, mean = 5.76). The trace element compositions
of the granodiorite are characterized by positive large-ion lithophile elements (LILEs; e.g., Cs, Rb,
and Ba) and negative high-field-strength element (HFSE; e.g., Nb, Ta, and Ti) anomalies, similar to
arc magmatic rocks. There is clear fractionation between the light and heavy rare earth elements
(REEs), with (La/Yb)y ratios of 1.77-9.03 (mean = 3.88). The petrogenesis research suggests that
the granodiorite originated mainly from the partial melting of the mafic lower crust, with a minor
mantle-derived component. Based on the regional geological setting, we suggest that the Yamusi
granodiorite was formed during the northward subduction of the Proto-Tethyan oceanic crust to
form an intracontinental arc.

Keywords: Qilian Orogen; island arc magmatic rocks; Yamusi granitoid; Proto-Tethys; adakite

1. Introduction

The extensive ophiolites and island arc magmatism in western China have recorded a
complex evolutionary history from the Proto-Tethys to the Paleo-Tethys Oceans with the
involvement of multiple microcontinents, ocean basins, and island arcs [1-14] (Figure 1). Re-
cent studies have reported data from early Paleozoic magmatic and volcanic rocks [15-19]
and high-pressure-ultrahigh-pressure (HP-UHP) metamorphism within the northern
Qaidam Basin [20-27]. Wu et al. [16-19] studied the early Paleozoic rocks in this belt and
concluded that the rocks on the northern margin of the Qaidam Basin could be subdi-
vided into four age groups and different tectonic environments (early middle Ordovician
(460-475 Ma), late Ordovician (440-450 Ma), late Silurian to early Devonian (395-410 Ma),
and late Devonian (370-385 Ma). The HP-UHP metamorphic belt on the northern margin
of the Qaidam Basin-South Qilian tectonic belt is composed mainly of granitic gneisses
and pelitic gneisses with continental crustal rocks as the protoliths, and the gneisses often
contain variable amounts of eclogitic and ultramafic clasts. The ages of the zircon grains in
these gneisses, eclogites, and ultramafic rocks show that they first underwent HP metamor-
phism below the stability field of coesite at 476-445 Ma, followed by ultrahigh-pressure
metamorphism at 440-421 Ma, with the early HP metamorphism being related to oceanic
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subduction and the later UHP metamorphism representing continental subduction (i.e.,
the continental subduction of the Qaidam continental lithosphere) [28]. In addition, Shi
etal. [29], Xu et al. [15], and Xia et al. [28] suggested that the early Paleozoic (515485 Ma)
arc volcanic rocks of the Tanjianshan Group along the north of the HP-UHP metamorphic
belt were products of the arc volcanism induced by the northward subduction of the oceanic
crust beneath the northern margin of the Qaidam Basin.

Studies on the early Paleozoic magmatism in the eastern part of the South-Central
Qilian Orogen have focused primarily on the magmatism associated with collisional
and post-collisional environments, and Zhang et al. [30-33] studied the mafic—ultramafic
rocks (440-449 Ma) in the interior of the Hualong micro-massif and concluded that they
were formed under a post-collisional extensional regime. Yong et al. [34] studied Dongji-
azhuang granite (446.9 & 1 Ma) (LA-ICP-MS zircon U-Pb age) and the Xindian intrusion
(454 £ 5Ma), and Yang et al. [35] studied the Jishishan intrusion in the eastern Central
Qilian Orogen (452 £ 5 Ma), and their results suggested that these granites were formed in
a post-collisional environment. Guo et al. [36] studied Rumanshan granite (452 + 1.8 Ma)
in the Hualong area of the South Qilian Orogen and concluded that it is I-type granite.
Previous studies have focused mainly on the central and western parts of the South-Central
Qilian orogenic belts, whereas the rocks associated with subduction during the early Paleo-
zoic in the eastern part of the South-Central Qilian orogenic belts have been less studied.
Therefore, this study is of great significance for research on Yamusi gneissic granodiorite.

Yamusi gneissic granodiorite is located in the eastern part of the South-Central Qil-
ian orogenic belts and is crucial to the understanding of the northward subduction and
accretion of the early Paleozoic Proto-Tethyan oceanic crust (Figure 1). At present, research
on Yamusi gneissic granodiorite is relatively weak, and researchers are more focused on
other rock masses in this area, and so much additional work is needed. We conducted
geological, petrological, zircon U-Pb chronological, and geochemical analyses to investigate
the petrogenesis and tectonic setting of this granodiorite and to provide new evidence for
the northward subduction and accretion of the early Paleozoic Proto-Tethyan Ocean in the
eastern part of the Qilian orogenic belt.

2. Regional Geological Background

The Qilian orogenic belt is an important part of the Central China Orogenic System.
It is bounded by the Alxa Block to the north, the Qaidam Block to the south, and the
North China Craton to the east, and it is separated from the Tarim Block to the west by
the Altyn Tagh strike-slip fault (Figure 1). The Qilian orogenic belt can be divided, from
north to south, into the North Qilian orogenic belt, the Central Qilian block, the South
Qilian tectonic belt, and the Northern Qaidam tectonic belt [28] (Figure 1). A continental rift
zone [28] or accretionary mélange zone [37,38], which is known as the Lajishan tectonic zone,
developed during the early Paleozoic period in the Riyueshan and Lajishan areas around
Guanting, where the Central Qilian block and the South Qilian tectonic zone connect. The
metamorphic basement of the Central Qilian block is similar to the metamorphic basement
of the northern margin of the Qaidam Basin, the Qaidam and northern East Kunlun terranes,
and the Yangtze Plate, which developed during the formation of Rodinia (1000-900 Ma) [39].
The formation of the Qilian orogenic belt is the result of the convergence and collision of the
Alxa Block and the Qilian and Qaidam-Eastern Kunlun massifs during the early Paleozoic
period [40].

The study area is located at the intersection of the northern margin of the West Qinling
tectonic zone, the Hualong micro-massif, and the Lajishan tectonic zone, and it has a
complex compositional and tectonic history (Figure 2). The northern edge of the West
Qinling tectonic zone comprises the widespread Lower Triassic Longwuhe Formation
and is intruded by numerous Indosinian granites. The Hualong micro-massif contains
the Paleoproterozoic Hualong Group and Cenozoic strata, and early Paleozoic composite
plutons are found in the Hualong Group [32,41,42]. The main body of the Hualong group
in the research area is a set of plagioclase hornblende schists with a small amount of gneiss
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combinations. Recent zircon U-Pb ages suggest that the protoliths of the Hualong Group
most likely formed during the Neoproterozoic period rather than the Paleoproterozoic
period, and they record the rifting of Rodinia [38,43-45]. The Lajishan tectonic belt extends
approximately east-west over >200 km in the Qilian Orogen with a width of 10-30 km, and
it is bounded by fractures on both sides. A Precambrian metamorphic complex developed
on the northern and southern sides of the Lajishan tectonic belt, and early Paleozoic
volcanic strata and Caledonian quartz diorites and granodiorites were emplaced and late
Silurian—early Devonian sedimentary strata were deposited in the interior of the belt. Some
researchers have interpreted that the Lajishan tectonic belt was a part of a complex tectonic

mélange belt formed by the northward subduction and accretion of the Proto-Tethyan
Ocean [38,46].
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Figure 1. (a) Geological sketch map showing the major tectonic units of China (modified after [47]).
(b) Simplified geological map of the Qilian orogenic belt showing the distribution of the Precambrian

basement and the early Paleozoic volcanics, granitoids, and mafic and ultramafic rocks (modified
after [35,48]).
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Figure 2. Simplified geological map of the study area. Legend explanation: 1—Quaternary; 2—
Neogene Linxia Formation; 3—Late Cretaceous Hekou Formation II; 4—Early Cretaceous Hekou
Formation I; 5—Late Cambrian Liudogou Formation; 6—Middle Cambrian Shengou Formation; 7—
Paleoproterozoic Hualong Group; 8—Early Ordovician Yamusi granodiorite; 9—Middle Ordovician
Jishishan quartz diorite; 10—Middle Ordovician Jishishan diorite; 11—Middle Ordovician Jishis-
han gabbro-diorite; 12—Middle Ordovician Jishishan gabbro; 13—Middle Ordovician Jishishang
pyroxenite; 14—Late Ordovician Leijishan monzonite granite; 15—Late Ordovician Leijishan por-
phyritic monzonite granite; 16—granodiorite; 17—diabase; 18—granitic vein; 19—granodioritic vein;
20—gabbro veins; 21—faults; 22—river; and 23—sampling locations.

3. Geological and Lithological Characteristics of the Yamusi Granodiorite

The Yamusi granodiorite is located in the Hualong micro-massifs in the South Qilian
Orogen in Xunhua County, Qinghai Province. The granodiorite is exposed over ~7.8 km?
and exhibits a gneissic foliation ranging from 82°/37° to 90°£40°. The northern margin of
the granodiorite intrudes on the Paleoproterozoic Hualong Group, the eastern margin is
intruded upon by the Jishishan mafic-intermediate complex, and the western boundary is
in angular unconformity with the Cenozoic Linxia Formation (Figures 1 and 2).

The Yamusi granodiorite is gray with a gneissic texture and consists mainly of plagio-
clase (45%-50%), quartz (25%—-30%), K-feldspar (5%—-10%), amphibole (~5%), and biotite
(~5%). Plagioclase is pale gray, euhedral to subhedral, prismatic, and has polysynthetic
twins. Amphibole crystals are typically lamellar, euhedral, and yellowish-green under
plane-polarized light, with visible chlorite. Biotite crystals are primarily prismatic or aci-
cular, with gray-brown parallel extinctions under plane-polarized light. Quartz crystals
are primarily anhedral, and undulose extinction is observed in some crystals (Figure 3).
The formation of the gneissic foliation of the Yamusi granodiorite is related to both its
mineral composition and its crystallization, as well as its tectonic environment of northward
subduction.
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Figure 3. Field photograph and microphotographs of Yamusi granodiorite: (a) field photograph of Ya-
musi granodiorite; (b—d) microphotographs of Yamusi granodiorite. Abbreviations: Hb, amphiboles;
Bi, biotite; P1, plagioclase; and Q, quartz.

4. Measurement Methods

Sample PM611-3-1 was collected from Yamusi in Xunhua County, Qinghai Province
(35°43'36” N, 102°38'35” E). The rock sample was crushed to 0.180-0.154 mm and zircon
grains were separated using conventional magnetic and heavy liquid methods, and then
the grains with better crystal shapes and good transparency were selected for analysis.
The zircon grains were first placed on double-sided tape and then fixed with colorless
and transparent epoxy resin. After the epoxy resin was fully cured, the surface was
polished until the interiors of the grains were exposed. Optical microphotographs and
cathodoluminescence (CL) images were taken of the grains, and they were analyzed using
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).

The CL Imaging employed a scanning electron microscope fitted with a CL instrument
at the Beijing GeoAnalysis Company (Beijing, China) to visualize the zircon’s morphology
and internal structures, and in situ U-Pb isotope analyses of individual zircon grains
were performed using an ELAN 6100 DRC quadrupole mass spectrometer attached to a
GeoLas 200M 193 nm ArF excimer laser ablation system at the State Key Laboratory of
Continental Dynamics, Northwest University, using standard procedures. The analysis
spots were selected to avoid internal fractures, inclusions, and areas with different geneses
to obtain accurate ages. The analyses involved a beam diameter of 30 pm and ablation to
a depth of 20—40 pm. Isotopic compositions were determined using zircon 91500 as the
external standard, and the element contents were determined using NIST SRM 610 as the
external standard and ?’Si as the internal standard. The detailed analytical procedures
and instrument parameters have been described previously [49]. The isotopic ratios and
element contents were processed using GLITTER version 4.0 [50], and common Pb was
corrected using the method of Andersen. Zircon age calculations and U-Pb concordia
diagrams were produced using Isoplot version 2.49 [51].
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480.3+3.6Ma

479.7£3.5Ma

Whole-rock major element analyses were carried out by X-ray florescence spectrometry
(XRF) at the Key Laboratory of Western Mineral Resource and Geological Engineering of
the Ministry of Education. The analyses included two major steps: (1) Calculation of the
loss on ignition (LOI), where the crucible was dried in an oven at 150 °C for 3 h and then
weighed (W1). Approximately 1 g of sample was then added to the crucible, weighed (W2),
and placed in a muffle furnace at 900 °C for 8 h, after which it was cooled and placed in
a desiccator for 20 min and weighed again (W3). The LOI was then calculated using the
formula LOI = (W1 + W2 — W3)/W2. (2) Glass fusion of the sample was used to determine
the major element compositions, where 0.50 g of sample was weighed, anhydrous lithium
tetraborate and ammonium nitrate were added as oxidants, and the mixture was placed in
a platinum crucible with an appropriate amount of lithium bromide and heated to ~1200 °C
to produce glass flakes. The composition was then measured using an XRF spectrometer.

The whole-rock rare earth and trace-element analyses were carried out at the Key
Laboratory of Western Mineral Resource and Geological Engineering of the Ministry of
Education using a Thermo X7 ICP-MS, with an analytical precision and accuracy of <10%.
The samples were ground to <200 mesh, and 500 mg was placed in a PTFE crucible. Then,
1.0 mL of high purity HF and 1.5 mL of high purity HNO3 were repeatedly added, heated,
and cooled according to standard procedures. The samples were finally diluted to 50 mL in
a centrifuge tube, and the solution was analyzed by ICP-MS.

5. Results
5.1. Zircon U-Pb Age

Most of the zircon grains in the Yamusi granodiorite (sample No. PM611-3-1) were
colorless and transparent-to-pale-yellow, with short or long euhedral prisms, and they
were generally 120-250 um long and 50-120 um wide, with aspect ratios of 1:1-1:3. The CL
images showed that most grains had typical magmatic concentric zoning (Figure 4), and
the grains all had Th/U ratios of >0.1, indicating a magmatic origin [52]. Twenty-five spots
were analyzed, and they all produced valid results. The analyses plot on the concordia line
indicated good concordance, suggesting that the zircons remained a closed system for the
U-Pb, with little loss of Pb [53,54]. The analyses yielded 2%°Pb /238U ages of 484-476 Ma,
with a weighted mean of 480.3 £+ 1.3 Ma (MSWD = 0.21; Figure 5), which represents the
magmatic crystallization age of the Yamusi granodiorite (Table 1). Therefore, we proposed
that the intrusion age of the granodiorite was 480 Ma, during the early Ordovician period.

480._9_i3.3i‘v1a 480.5+4. 1Ma 479 443 5Ma

: 481.3+4.4M S
48(}‘6i3.lM 480.24+3.1Ma 81.314.4Ma 477.123.8Ma 496543 oMa
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Figure 4. CL images and ages of the representative zircon grains from the Yamusi granodiorite.

481.2+4.6Ma
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Figure 5. Zircon U-Pb concordia diagram (a) and average age (b) of the Yamusi granodiorite.

5.2. Geochemistry Characteristics

A total of 11 samples were selected for geochemical analysis, and the results are
listed in Table 2. The samples had high SiO, (60.0-63.0 wt.%, mean = 61.9 wt.%) and
Al,O3 contents (17.6-18.7 wt.%, mean = 18.1 wt.%), low MgO contents (1.5-2.26 wt.%,
mean = 1.75 wt.%), TiO, contents of 0.33-0.44 wt.% (mean = 0.40 wt.%), and low LOI values
(<2%). All samples were plotted in a granodiorite field on a QAP diagram (Figure 6a)
and in a calc-alkaline field on an AFM diagram (Figure 6b). The samples yielded Al
saturation index (A /CNK) values of 0.91-1.02 (mean = 0.99), indicating that they were
metaluminous-weakly peraluminous (Figure 6b). The samples yielded differentiation index
(DI) values of 57.6-63.1 (mean = 59.3) and Rittman index values of 0.96-1.26 (mean = 1.21),
indicating that they were calc-alkaline. The samples had CaO contents of 5.47-6.67 wt.%
(mean = 6.24 wt.%), Na,O contents of 2.83-3.83 wt.% (mean = 3.05 wt.%), and K,O contents
of 1.29-2.13 wt.% (mean = 1.73 wt.%), indicating that they belonged to the medium K calc—
alkaline series (Figure 7a). In addition, the geochemical analysis showed that these batches
were magnesian granites [55], which are generally considered oxidized arc systems.

(a) Q (b) TFe,0,

Q-rich
granite
tholeiitic series
g 2
o/ & @ g
%/ & 7B . !
hod s = calc-alkaline series
9]
A synite ' i Q  \e
Q /Yg Q syenite / Q monzonite \monzodlonte 'o%
(<]
A P Na,0+K,0 MgO

Figure 6. QAP diagram (a) and AFM diagram (b) of the Yamusi granodiorite.
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Table 1. LA-ICP-MS U-Pb isotopic compositions of the zircon grains from the Yamusi granodiorite (PM611-3-1).
Pb Th U 206 pp,/2381) 207 pp,/2354 207 pp,/206 pp 208pp,/232Th 206 pp,/238 1y 207 pp,/2357) 207 pp,/206 pp
Point

Number (x1079) ThU Ratio 1o Ratio 1o Ratio 1o Ratio 1o (‘?v[g:) 1o g/}g’; 1o (?\f[g:) 1o
1 140 529 1465 0.36 0.0774  0.0006  0.6162  0.0134  0.0578  0.0014  0.0237  0.0004 480 4 488 8 521 51

2 272 864 2887 0.30 0.0775  0.0005  0.6047 0.0091 0.0566  0.0010  0.0241  0.0003 481 3 480 6 474 39

3 55.8 4333 516.5 0.84 0.0773  0.0006  0.6092  0.0124 0.0572  0.0013  0.0238  0.0003 480 4 483 8 498 49

4 172 687 1781 0.39 0.0775  0.0006 0.6227  0.0122  0.0583  0.0013  0.0236  0.0003 481 3 492 8 539 47

5 33.6 1326 3464 0.38 0.0774  0.0005 0.6134 0.0088 0.0575  0.0010  0.0249  0.0003 481 3 486 6 509 37

6 215 937 2174 0.43 0.0775  0.0006  0.6286  0.0115 0.0588  0.0012  0.0253  0.0003 481 3 495 7 561 44

7 221 916 2249 0.41 0.0775  0.0006  0.6168  0.0111  0.0578  0.0012  0.0253  0.0003 481 3 488 7 521 44

8 210 715 2198 0.33 0.0773  0.0006  0.6062  0.0113  0.0568  0.0012  0.0244  0.0004 480 3 481 7 485 46

9 414 2349 3973 0.59 0.0775  0.0006  0.6164 0.0111  0.0577  0.0012  0.0261  0.0003 481 3 488 7 519 44
10 29.7 1428 298.0 0.48 0.0774  0.0005 0.6084 0.0094 0.0570 0.0010  0.0238  0.0002 481 3 483 6 491 39
11 211 823 2164 0.38 0.0775 ~ 0.0008  0.6069  0.0195 0.0568  0.0019 0.0246  0.0006 481 5 482 12 483 74
12 324 2024 3115 0.65 0.0775  0.0005  0.6041  0.0099 0.0566  0.0011  0.0234  0.0002 481 3 480 6 474 41
13 250 176.1 236.7 0.74 0.0774  0.0007 0.6028 0.0164 0.0565 0.0016  0.0215  0.0003 481 4 479 10 471 63
14 26.1 1247 2578 0.48 0.0773  0.0005 0.6169  0.0101  0.0579  0.0011  0.0248  0.0003 480 3 488 6 524 41
15 143 496 1479 0.34 0.0774  0.0006  0.6218  0.0127  0.0583  0.0013  0.0246  0.0004 480 4 491 8 540 49
16 341 2009 3279 0.61 0.0772  0.0006  0.6266 ~ 0.0128  0.0589  0.0013  0.0235  0.0003 479 4 494 8 562 48
17 164 576 1682 0.34 0.0775  0.0008 0.6034 0.0184 0.0565 0.0018  0.0246  0.0006 481 4 479 12 470 70
18 279 1246 2783 0.45 0.0774  0.0007  0.6023  0.0155 0.0565 0.0016  0.0242  0.0004 481 4 479 10 469 60
19 29.0 1232 2912 0.42 0.0772  0.0006  0.6146  0.0117 0.0578  0.0012  0.0243  0.0003 479 3 487 7 521 46
20 456 3271 416.6 0.79 0.0768  0.0006  0.6033  0.0142 0.0570  0.0015  0.0244  0.0003 477 4 479 9 489 56
21 56.3 3274 535.8 0.61 0.0772  0.0005  0.5978  0.0076  0.0562  0.0009  0.0246  0.0002 479 3 476 5 459 33
22 143 498 1463 0.34 0.0775  0.0006  0.6125  0.0142 0.0573  0.0014 0.0243  0.0004 481 4 485 9 502 55
23 161 629 1605 0.39 0.0781  0.0006  0.6373  0.0120  0.0592  0.0012  0.0244  0.0003 485 3 501 7 575 45
24 643 4325 600.1 0.72 0.0767  0.0005  0.6025  0.0086  0.0570  0.0010  0.0234  0.0002 476 3 479 5 491 37
25 274 879  283.0 0.31 0.0774  0.0005 0.5952  0.0099 0.0558  0.0011  0.0234  0.0003 480 3 474 6 444 41
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Table 2. Major (%) and trace (x 10~°) element analyses of the Yamusi granodiorite.

Sample No. PM611/2DH, PMé611/3DH; PM611/3DH, PM611/5DH; PMé611/5DH, PM611/5DH; PM611/5DH; PM611/5DHs PMé611/5DHy  D4369/DH; D6331/DH;

510, 62.24 62.67 61.51 62.37 61.91 60.30 62.40 62.02 62.95 62.09 60.93
TiO, 0.33 0.38 0.49 0.44 0.40 0.42 0.35 0.44 0.40 0.35 0.44
Al,O3 17.68 17.58 18.14 18.31 18.00 18.20 18.43 18.53 17.60 17.88 18.72
TFeyO3 5.35 4.37 5.34 4.64 473 4.86 4.54 4.64 4.12 4.95 4.65
MnO 0.14 0.14 0.18 0.16 0.16 0.16 0.15 0.17 0.16 0.13 0.15
MgO 2.26 1.53 1.98 1.59 1.67 1.73 1.52 1.68 1.50 2.13 1.69
CaO 6.35 6.15 6.67 6.27 6.28 6.43 6.43 6.15 5.47 6.15 6.37
Na,O 2.83 3.83 3.04 2.98 2.88 297 297 3.05 2.88 3.23 2.96
KO 1.90 1.63 2.01 1.68 1.39 1.70 1.83 1.85 2.13 1.29 1.70
P,0s5 0.13 0.21 0.23 0.24 0.22 0.22 0.20 0.22 0.20 0.16 0.24
LOI 1.04 0.99 1.38 0.88 1.63 1.11 0.86 1.13 1.40 1.13 1.20
TOTAL 100.25 99.48 100.97 99.56 99.27 98.10 99.68 99.88 98.81 99.49 99.05
A/CNK 0.97 091 0.94 1.01 1.02 0.99 0.99 1.02 1.04 1.00 1.02
A/NK 2.63 2.18 2.53 2.72 2.88 271 2.68 2.64 2.50 2.66 2.79
La 9.27 3.87 17.32 6.51 3.34 4.38 4.59 9.86 6.79 12.18 8.72
Ce 16.35 8.42 36.80 15.35 8.45 10.13 10.17 21.01 14.50 22.83 18.39
Pr 1.77 1.08 3.84 1.83 1.11 1.36 1.40 2.62 1.82 2.49 243
Nd 6.86 5.03 14.66 7.96 529 6.40 6.62 10.96 8.21 10.09 10.40
Sm 1.50 1.35 2.51 1.87 1.52 1.77 1.75 243 1.97 2.03 2.32
Eu 0.61 0.60 0.87 0.74 0.69 0.75 0.87 1.03 0.96 0.87 1.02
Gd 1.90 1.70 2.48 2.06 1.81 2.10 2.10 2.74 2.31 224 2.58
Tb 0.26 0.25 0.35 0.32 0.28 0.30 0.34 0.39 0.34 0.31 0.39
Dy 1.64 1.61 2.02 1.89 1.80 2.04 2.03 2.50 2.10 1.84 2.46
Ho 0.33 0.35 0.39 0.42 0.37 0.42 0.43 0.51 0.43 0.37 0.50
Er 1.08 1.01 1.26 1.23 1.17 1.27 1.37 1.57 1.31 1.12 1.51
Tm 0.16 0.17 0.19 0.18 0.18 0.19 0.21 0.24 0.20 0.17 0.22
Yb 1.18 1.19 1.29 1.34 1.28 1.45 1.58 1.69 1.50 1.24 1.66
Lu 0.18 0.18 0.20 0.22 0.19 0.22 0.24 0.29 0.22 0.19 0.26
(La/YDb)N 5.31 2.20 9.03 3.29 1.77 2.03 1.96 3.94 3.05 6.63 3.55
SEu 1.10 1.21 1.05 1.15 1.27 1.19 1.38 1.22 1.38 1.24 1.27
Li 8.05 7.89 10.18 4.69 7.74 5.51 24.46 18.10 19.35 12.35 19.19
Be 0.59 0.85 0.87 0.95 0.91 0.85 0.87 0.90 0.89 0.79 0.93
Sc 11.35 3.89 493 4.15 4.04 4.58 6.87 6.45 5.52 11.07 5.82
\% 98.04 62.28 73.77 63.31 69.01 73.71 72.12 63.38 55.50 87.65 66.73
Cr 12.00 1.08 1.31 1.18 1.40 1.23 1.61 1.13 1.36 14.17 1.23

Co 11.47 7.34 9.09 7.02 7.88 8.72 7.53 6.79 6.22 10.29 6.95
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Table 2. Cont.

Sample No. PM611/2DH, PMé611/3DH; PM611/3DH, PM611/5DH; PMé611/5DH, PM611/5DH; PM611/5DH; PM611/5DHs PM611/5DHy D4369/DH; D6331/DH;

Ni 6.26 2.83 3.30 291 3.00 3.26 2.69 2.90 2.81 7.48 2.82
Cu 4.34 591 8.07 4.36 8.65 17.29 797 2.00 1.26 3.30 4.35
Zn 53.56 59.08 74.53 65.69 64.25 68.29 64.91 74.69 69.60 61.45 68.37
Ga 13.11 14.10 15.65 14.87 13.96 14.84 17.68 18.77 17.68 16.49 18.92
Rb 52.20 55.54 63.51 60.59 48.74 57.20 74.12 79.77 89.28 38.06 65.81
Sr 328 438 442 603 421 442 534 564 501.00 544 529
Y 9.32 9.39 11.14 11.21 10.50 11.50 12.22 13.78 12.27 10.30 13.64
Zr 35.71 47.18 55.45 59.35 51.30 59.63 50.63 66.57 48.00 65.35 65.76
Nb 4.06 6.77 8.68 7.59 7.08 7.93 6.77 9.06 8.63 4.18 8.89
Mo 0.08 0.07 0.10 0.27 0.21 0.48 0.04 0.05 0.07 0.03 0.02
Cd 0.09 0.11 0.10 0.08 0.09 0.13 0.10 0.08 0.07 0.13 0.08
In 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04
Cs 7.78 7.11 9.99 9.20 8.25 11.88 13.35 11.22 12.68 2.28 8.20
Ba 871 398 626 446 423.00 673 607 640 721 557 658
Hf 1.25 1.50 1.68 1.84 1.59 1.87 1.68 2.14 1.48 1.87 1.99
Ta 0.29 0.36 0.51 0.41 0.41 0.52 0.57 0.67 0.58 0.26 0.52
Pb 11.03 6.31 6.63 6.37 6.08 7.19 8.06 7.83 7.45 10.14 6.35
Bi 0.03 0.01 0.01 0.04 0.03 0.04 0.04 0.01 0.01 0.01 0.01
Th 4.28 0.87 3.86 1.86 0.76 0.90 1.08 2.16 1.41 3.53 1.97

U 0.68 0.51 0.57 0.43 0.37 0.48 0.55 0.53 0.31 0.45 0.32
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Figure 7. SiO, vs. K,O diagram (a) and A/NK vs. A/CNK diagram (b) of the Yamusi granodior-
ite [56]. The dotted line represents the boundary between the I- and S-type granites [57].

On chondrite-normalized rare earth element (REE) diagrams (Figure 8a), the samples
showed fractionation between the light and heavy REEs ((La/Yb)yn = 1.76-9.0, mean = 3.88),
enrichment in the light REEs ((La/Dy)N = 1.93-8.92, mean = 4.12), and no significant
fractionation between the medium and heavy REEs ((Gd/Yb)xN = 1.07-1.54, mean = 1.26).
The REE patterns generally dipped smoothly to the right, which was consistent with the
REE partitioning curves of dacite [58-64]. The samples yielded 0Eu values of 1.04-1.38, with
slightly positive Eu anomalies, indicating that the plagioclase did not undergo significant
crystal fractionation.

1

(b)
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Figure 8. Chondrite-normalized REE patterns (a) and primitive mantle-normalized trace element
patterns (b) of the Yamusi granodiorite. The chondrite values were obtained from reference [64] and
the primitive mantle values were obtained from reference [65].

The samples had high Sr (328-603 ppm, mean = 486 ppm), Cs (2.28-13.3 ppm,
mean = 9.26 ppm), and Ba (398-871 ppm, mean = 602 ppm) contents and low Y
(9.32-13.6 ppm, mean = 602 ppm), Yb (1.17-1.68 ppm, mean = 1.40 ppm), Nb (4.06-9.06 ppm,
mean = 7.24 ppm), and Ta (0.25-0.67 ppm, mean = 0.46 ppm) contents (Table 2), with Nb/Ta
ratios of 11.9-18.8 (mean = 159) and Sr/Y ratios of 35.2-53.8 (mean = 42.1). On the NMORB-
normalized incompatible element spider diagram (Figure 8b), the samples were enriched
in large-ion lithophile elements (LILEs; e.g., Cs, Rb, and Ba) and depleted in high-field-
strength elements (HFSEs; e.g., Nb, Ta, and Ti; Figure 8b), similar to the incompatible
element patterns of adakitic granites and arc magmatitic rocks.

6. Discussion
6.1. Rock Type

Yamusi granodiorite is composed mainly of quartz, plagioclase, biotite, and am-
phibole, and it is a quasi-aluminous—weakly peraluminous medium K—Ca-alkaline rock
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(Figure 7b). It is characterized by high SiO, contents (60.3-63.0 wt.%), is Na-rich and K-poor
(K20/NaO = 0.40-0.73), Al-rich (Al,O3 > 15 wt.%), and has low Mg# (39.9—46.0, mean
=42.1) and MgO (1.5-2.26 wt.%, mean = 1.75 wt.%) contents. Its REE patterns showed
enrichment in LREEs and depletion in HREEs, with little variation from Gd to Lu and a
slight upward shift in the REE distribution curve toward the HREEs (Figure 8a), indicat-
ing residual amphibole in the magma source [54,58]. The samples had weak positive Eu
anomalies (8Eu = 1.05-1.38; Figure 8a), high Ba contents and Sr/Y ratios, and low Y and Yb
contents, with enrichment in large-ion lithophile elements (Cs, Rb, and Ba) and depletion
in high-field-strength elements (Nb, Ta, Zr, Hf, and Ti; Figure 8b). The Yamusi granodiorite
was plotted in the adakites field (Figure 9). Figure 9 shows that the adakite plots for the
Yamusi granodiorite were predominantly within the defined adakite field, with no plot
falling in the overlapping region of the adakite and island arc domains. This may indicate
that the sample satisfied the geochemical constraints, and the rocks could be classified as
adakites [66].

200

160F
i Adakite

120 ]

Sr/Y

30 ]

Classic island arc rocks

ol v v A
0 20 40 60

Y (ppm)

Figure 9. Sr/Y vs. Y diagram [61] for the Yamusi granodiorite.

Adakites typically have the following geochemical characteristics: SiO; > 56 wt.%;
AlyO3 > 15 wt.%; MgO < 6 wt.%; low K;0O/NayO ratios (<0.5); Mg (Mg?* /(Mg?* + Fetotaly)
values of >0.47 and even up to 0.70; high Sr contents (400-2000 ppm); low Y and HREE
contents (Y < 18 ppm and Yb < 1.9 ppm, respectively); and strongly fractionated REE
patterns. Thus, adakites have high La/Yb and Sr/Y ratios, depletion in HFSEs, positive
or no Sr and Eu anomalies, and similar isotopic compositions to MORB (}44Nd /14*Nd >
0.51 and 8Sr/86Sr < 0.71, respectively) [67]. The Yamusi granodiorite had high SiO, and
Al,O3 and low MgO contents, enrichment in LREEs, limited fractionation between the
middle and heavy REEs, and slightly positive Eu anomalies, all of which were similar to
the geochemical characteristics of adakites.

6.2. Petrogenesis and Magma Source

Various mechanisms have been proposed for the formation of adakites, including:
(1) the partial melting of subducted oceanic crust [57-62,68,69]; (2) the partial melting of
thickened subcrustal material [70-72]; (3) partial subducted subcrustal melting [70,73-75];
and (4) the fractional crystallization of basaltic magma [76]. The Yamusi granodior-
ite had low MgO (1.5-2.26 wt.%), TFe,O3 (4.12-5.35 wt.%), Cr (mean = 3.43 ppm), Co
(mean = 8.12 ppm), V (mean = 71.4 ppm), and Ni (mean = 3.66 ppm) contents, suggesting
that it may have been derived from the continental crust. The Nb/U (mean = 16.6) and
Ta/U (mean = 1.05) ratios of the granodiorite were lower than the corresponding MORB
and OIB ratios (Nb/U = 47 and Ta/U = 2.7) [63] and were closer to the crustal ratios (Nb/U
~12.1 and Ta/U =~ 1.1) [67], which was again consistent with a crustal origin. On a discrim-
ination diagram (Figure 10), most samples were plotted in the lower crustal amphibolite
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molar(K,0+Na,0)/(MgO+TFe,0,+TiO,)

melt field, which suggests that the source of the granodiorite may have been dominated by
lower crustal metabasic rocks [77,78]. Moreover, the sample was metaluminous—weakly
peraluminous and had high La/Yb and low Yb contents, which may suggest that its crustal
source area was basaltic rocks, with a high degree of residual garnet or hornblende.

T T T T ( ) 25 T T T T b
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Meta-pelite . ( )
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=
+ .
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— = 15F .
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Amphibolite melts @ Amphibolite melts
1 1 I | I I
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Figure 10. Chemical content contrasts for the experimental melt between the Yamusi granodiorite
and meta-mudstone-, greywacke-, meta-amphibolite-derived samples [79,80]. (a) Na,O + KO +
MgO + TFe;O3 + TiO; vs. molar (K,O + NayO)/(MgO + TFe,O3 + TiOy) diagram. (b) Al,O3 +
TFe;O3 + MgO + TiO; vs. Al,O3/(TFe;O3 + MgO + TiO;) diagram of the Yamusi granodiorite.

Experimental petrological studies have shown that the Mg# value of adakites formed
by the partial melting of a basaltic source at 1-4 GPa is <50, but when the slab melt is mixed
with mantle wedge peridotite, its Mg# value increases rapidly to >50 [81]. The Mg# value
of granite is an important basis for determining whether it is a crust-mantle-mixed source
or of lower crustal origin. The Nb/Ta ratios of the Yamusi granodiorite were 11.9-18.8
(mean = 15.9) and its Mg# values were 39.9—46.0 (mean = 42.1), and along with the trace
element characteristics of the samples, this suggests that the magma that formed the gra-
nodiorite may have undergone some degree of mantle-mixing. It may also suggest that
the sample may not have been of pure crust or mantle origin. The low differentiation
index of the granodiorite (DI = 57.6-59.5, mean = 59.3) implied weak fractional crystalliza-
tion during magmatic evolution. On the chondrite-normalized REE diagram (Figure 8),
there was clear fractionation between the light and heavy REEs ((La/Yb)y = 1.77-9.03,
mean = 3.88), and there was limited fractionation between the medium and heavy REEs
((Gd/Yb)N = 1.07-1.54, mean = 1.26), indicating the presence of residual amphibole in the
magma source [82]. The weak positive Eu anomalies (0Eu = 1.04-1.38, mean = 1.22) and
high Sr contents (328-603 ppm, mean = 486 ppm) implied little residual plagioclase in
the magma source and little fractional crystallization of the plagioclase during the mag-
matic evolution [79,80]. Early Paleozoic volcanic strata, ophiolite suite, Caledonian quartz
diorites, and granodiorites have developed in the Lajishan tectonic belt near the study
area [38,46]. Many researchers have studied other rock masses near the study area and
found that many rock masses have characteristics that derived from the partial melting of
the mantle, with possible admixture of the crustal material [13,16,18,28,29,38,83,84]. These
findings also provide evidence for this study. Therefore, the Yamusi granodiorite may have
derived from the partial melting of the mantle in a subduction environment, which led to
the formation of the parent magma. During the subsequent magmatic evolution, fractional
crystallization would have been relatively limited.

6.3. Tectonic Environment and Geological Significance

The Yamusi granodiorite was characterized by enrichment in the light REEs and de-
pletion in the heavy REEs, with enrichment in the LILEs (Cs, Rb, and Ba) and depletion
in the HFSEs (Nb, Ta, and Ti) on a trace element spider diagram. These characteristics are
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consistent with those of arc magmas. On the tectonic discrimination diagrams (Figure 11),
the samples were plotted in the volcanic arc fields; therefore, we proposed that the granodi-
orite was formed in a magmatic arc environment associated with the subduction of oceanic
lithosphere. Therefore, it could also be inferred that the Yamusi granodiorite had properties
similar to other post-collisional “adakitic” granitoid rocks in Tibet, many of which were
derived during slab breakoff [85].
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Figure 11. Rb vs. (Yb + Ta) diagram (a) and Yb vs. Ta diagram (b) for the Yamusi granodiorite [86-91].
Syn-COLG, syn-collisional granites; VAG, volcanic arc granite; WPG, within-plate granites; ORG,
ocean ridge granites.

Previous studies [15,28,29] have suggested that there were at least two oceanic basin
systems in the Qilian orogenic belt during the early Paleozoic period: the North Qilian
Ocean between the Central Qilian and Alxa blocks and the Northern Qaidam Ocean (also
known as the South Qilian Ocean) between the Qaidam and Central Qilian blocks. Both of
these ocean basin systems are likely to be branches of the Proto-Tethyan oceanic domain
located to the north of Gondwana [15,28,92]. The North Qilian Ocean began to subduct
northward in the late early Cambrian period, forming a series of island arc and back-arc
basin magmatic rocks during the early Cambrian-late Ordovician periods (520-445 Ma) [93].
The North Qilian Ocean is also thought to have been subducted to either the south or to both
the south and north [94]. The South Qilian Ocean was also subducted northward beneath
the Central Qilian block, and the early Paleozoic arc volcanic rocks of the Tanjianshan
Group in the north of the HP-UHP metamorphic zone in the northern Qaidam Basin are
the products of arc volcanism related to the northward subduction of an ocean on the
northern margin of the Qaidam Basin [95]. Wu et al. [16,18] investigated the Aolaoshan
granite (473 & 15 Ma), the Saishitenshan granite (465.4 & 3.5 Ma), and the Tuanyushan
granodiorite (469.7 &+ 4.6 Ma) on the northern margin of the Qaidam Basin and concluded
that they formed in an island arc environment. Xia et al. [28] synthesized previous data
from the gneisses, eclogites, and ultramafic rocks in the HP-UHP metamorphic zone in
the northern Qaidam Basin—-South Qilian tectonic belt and concluded that these rocks first
underwent HP metamorphism below the stability field of coesite at 476445 Ma and then
underwent UHP metamorphism at 440421 Ma. The early HP metamorphism is consistent
with oceanic subduction, whereas the late ultrahigh-pressure metamorphism indicates
continental subduction. Huang et al. [84] identified ophiolite mélange (441 Ma) in the
Dadaoerji area on the southern margin of the Central Qilian block, which they proposed
was a back-arc extensional setting caused by the northward subduction of the South Qilian
oceanic crust. The mafic—ultramafic complexes (449—440 Ma) in the Hualong area on the
southern margin of the Central Qilian block were formed at the end of the northward
subduction and transitional collisional orogenic stage of the South Qilian Ocean [33]. The
discovery of syn-collisional granites emplaced at 441 Ma in the Xitieshan area on the
northern margin of the Qaidam Basin suggests that the Qaidam block collided with the
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Central Qilian block [96] and that the northern Qaidam ocean closed, after which the Qilian
orogenic belt entered an intra-continent tectonic evolutionary stage.

Based on the above data, the northward subduction of the northern Qaidam Ocean can
be constrained to the middle Cambrian—early Silurian periods (520-440 Ma). The Yamusi
granodiorite we studied is located in the eastern part of the South Qilian block and has
an age of 480.3 £ 1.3 Ma. Geochemically, it is a metaluminous-weakly peraluminous calc-
alkaline rock that is enriched in LILEs, including Ba and Th, and depleted in HFSEs (e.g., Nb,
Ta, Zr, Hf, and Ti). The geochemical characteristics of the granodiorite are consistent with
those of island arc magmatic rocks. Thus, on the basis of magmatic arc events associated
with the northward subduction of the northern Qaidam Ocean, we suggest that the Yamusi
granodiorite formed as a tectono-magmatic response to the arc magmatism caused by the
northward subduction of the northern Qaidam Ocean beneath the Central Qilian orogenic
belt during the early Paleozoic period.

7. Conclusions

1.  The major element compositions and mineralogy of the Yamusi granodiorite indicate
that it belongs to the metaluminous-weakly peraluminous, medium K calc-alkaline
series. The crystallization age of the Yamusi granodiorite is 480.3 &= 1.3 Ma, indicating
that the rock was formed during the early Ordovician period.

2. The Yamusi granodiorite is enriched in light rare earth elements and depleted in
heavy rare earth elements. The trace element spider diagrams indicate that the
granodiorite is enriched in large-ion lithophile elements, including Rb, Ba, and Th,
and depleted in high-field-strength elements (Nb and Ta). These characteristics are
typical of subduction-related arc magmatism.

3. The geochemical characteristics of the Yamusi granodiorite are similar to the geochem-
ical characteristics of adakites. The Yamusi granodiorite represents a record of arc
magmatism in the eastern part of the Qilian orogenic belt, beneath which the northern
Qaidam ocean subducted northward during the early Paleozoic period.
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