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Abstract: The Zhongwunongshan Structural Belt (ZWSB)
locates between the Olongbruk Microblock of North
Qaidam and the South Qilian Block in China, and it has

important implication for understanding the tectonic sig-
nificance of North Qaidam. Nowadays, there are few dis-

cussion on the Caledonian tectonothermal events of the

Zhongwunongshan Structural Belt, and there exist differ-

ent opinions on provenance and tectonic environment of

the Zhongwunongshan Group in the ZWSB and its adja-
cent North Qaidam. In this study, a comprehensive anal-

ysis of the detrital zircon geochronological research was

carried out on the Zhongwunongshan Group. The detri-
tal zircon U-Pb dating results showed two major popula-

tions. The first was Neoproterozoic (966725 Ma) with a
eHf(t) = -15.9 to 9.5, and the other was late Early Paleozoic
(460-434Ma) with a eHf(t) = -9.6 to -3.1. In combination
with previous research, the dominated provenances were

found to be the Neoproterozoic granitic gneiss of the Yugia-
Shaliuhe HP-UHP metamorphic belt and the late Early Pa-

leozoic granite of the Tanjianshan ophiolite-volcanic arc
belt in North Qaidam. The Zhongwunongshan Group was
deposited in the back-arc sedimentary basin related to

the Caledonian collisional orogeny during Middle Silurian-

Early Devonian (434-407.9 Ma).
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1 Introduction

The Zhongwunongshan Structural Belt (ZWSB) is a
northwest-extending structural belt located between the
Olongbruk Microblock of North Qaidam and the South
Qilian Block [1, 2] (Figure 1). The ZWSB is separated from
the South Qilian Block to the north and the Olongbruk
Microblock to the south by the Qinghai Nanshan Fault
and the Southern Zhongwunongshan Fault, respectively.
It extends westward to the Altun Fault, and divides be-
tween the West Qingling and South Qilian in the east.
Therefore, the geological position of the Zhongwunong-
shan Structural Belt is significant. It is generally believed
that the Zhongwunongshan Structural Belt is a Hercynian-
Indosinian tectonic zone developed on the Caledonian
block jointly constructed by the Olongbruk Microblock of
the North Qaidam and the South Qilian Block [5-7]. At
present, there are few data reported the Caledonian tec-
tonic thermal events and evolution of the ZWSB.

The Zhongwunongshan Group is the most important
and widely exposed formation in the ZWSB and adjacent
North Qaidam. Therefore, the Zhongwunongshan Group is
determined to be the ideal object for the tectonic research
of the ZWSB. The previous authors carried out a certain re-
search on Zhongwunongshan Group, and most of them be-
lieve that it deposited in the Late Carboniferous rift [8-10].
However, other geologists have had different viewpoints
about the tectonic environments and basin types of the
Zhongwunongshan Group deposited in. There are two pri-
mary views about tectonic environment and basin type: (1)
The Zhongwunongshan Group deposited in a stable pas-
sive continental margin basin, which irrelevant to plate
subduction and collision [7, 10, 11]; and (2) Due to plate
subduction and collision, the sediments deposited in the
back-arc sedimentary basin along the North Qaidam ac-
tive continental margin [9, 12, 13]. A consensus in the de-
tritus provenance has also not been reached. Some schol-
ars suggest the provenance was located in the uplift ter-
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Figure 1: (@): Map showing the location of the North Qaidam. (b): Tectonic units of the North Qaidam. (c): Simplified geological map of the

study area (modified after [3, 4])

rane along the southern margin of the South Qilian Block
to the north [11, 14, 15], but the others hold the opinion
that, the southern part of North Qaidam provided sedi-
ments northward [9, 13]. Meanwhile, Geologists also held
different opinions about the stratigraphic age of Zhong-
wunongshan Group. Some believed the strata deposited
in Late Carboniferous as indicated by the fusulinids and
corals [16]. However, the fossils identification were chal-
lenged because of their limited occurrence and metamor-
phic recrystallization.

Clastic rocks contain lots of useful information, includ-
ing the material composition and tectonic environment of
the source area, and the crustal evolution in the early geo-
logical history [17, 18]. The zircon geochronology has been
widely used to reveal the petrogenesis of clastic rocks [19,
20], and to reconstruct the characteristics and tectonic en-
vironment of source areas [20, 22-24]. Since sandstone
and mudstone are relatively homogeneous and have high
level of trace element, they become the first choice for geo-
chemical and chronological studies [21, 25, 26]. Epimeta-
morphic clastic rocks have also been widely used to study
the petrogenesis and tectonic environments of source ar-
eas [20, 27]. Based on the previous research with the new
geochronology analysis of the Zhongwunongshan Group

clastic rocks, this paper aims at providing new data to re-
construct the provenance and tectonic setting of Zhong-
wunongshan Group, and attempting to find the geological
records of the Caledonian tectonic thermal events in or-
der to provide a reasonable explanation for the aforemen-
tioned problems.

2 Geological background

Recent studies have well demonstrated that the North
Qaidam Structural Belt (NQSB), bounded by the South Qil-
ian Block to the north and Qaidam Block to the south
(Figure 1), is a composite tectonic orogenic belt with
multi-stage orogenic processes [2, 28]. The NQSB consists
of the Shaliuhe-Yugia high pressure-ultrahigh pressure
(HP-UHP) metamorphic belt, the Tanjianshan ophiolite-
volcanic arc belt, the Olongbruk Microblock (Figure 1b),
from south to north, in view of the significantly diverse geo-
logical composition and tectonic evolutionary history [28,
29]. The complex tectonic composition indicates that the
sub-tectonic units that make up the NQSB underwent
different tectonic evolutionary phase predating the pre-
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Devonian, including the Paleoproterozoic (2400-1800 Ma)
continental crust formation [2, 28]; Neoproterozoic (1030—
750 Ma) magmatic activities related to Rodinia supercon-
tinent convergence and breakup [30, 31]; early Paleozoic
(542-434Ma) magmatism and HP-UHP metamorphism by
oceanic crust subduction followed by collision associated
continental deep-subduction [3, 32]. The continental deep
subduction marked the assembly of Olongbruk Microblock
and the Qaidam Block. Subsequently, the NQSB evolved
into the post-orogenic stage indicated by the rifting mo-
lasse of the Upper Devonian Maoniushan Group.

The Shaliuhe-Yuqia HP-UHP metamorphic belt is the
northern border separating the Qaidam Block from the
NQSB (Figure 1b). The belt is predominantly composed
of Neoproterozoic-Early Paleozoic granitic gneiss (1011-
434Ma) and metamorphic supracrustal rock, with minor
sporadically exposed eclogite (1000-800 Ma) [29, 33]. The
Tanjianshan ophiolite-volcanic arc belt, to the north of
HP-UHP metamorphic belt, is dominated by widespread
Early Paleozoic intermediate-basic volcanic (486-450 Ma)
and pyroclastic rocks with ophiolite complex, which are
intruded by granitic intrusive rocks (465-434 Ma) [4, 34]
(Figure 1b). The Olongbruk Microblock has an early Paleo-
proterozoic crystalline basement including the ~2400 Ma
Delingha granitic gneiss and the ~1800 Ma Khondalite—
like supracrustal rocks (Figure 1b). Above the basement
are a series of unmetamorphosed sedimentary successions
that were discontinuously deposited from late Paleopro-
terozoic to Cenozoic [4, 8, 11, 34-36].

This study focuses on the ZWSB and the adjacent
North Qaidam (Figure 1b). The ZWSB widely outcrops the
Upper Carboniferous Zhongwunongshan Group compris-
ing carbonate dominated sedimentary successions with
some volcanic interlayers, which are overlain by Permian-
Triassic shallow marine clastic rocks and carbonates [6, 8,
14] (Figure 1c). The Zhongwunongshan Group have been
further subdivided into two lithostratigraphic units. The
lower section is predominately composed of gray green
phyllite and sandy slate, with minor medium-basic vol-
canic layers and limestone lenses, which were deposited in
the neritic shelf environment. The upper unit mainly con-
sists of gray white banded limestone and dolomitic lime-
stone with gray green intermediate-basic volcanic interlay-
ers, typically formed in sublittoral platform environment
(Figure 2).

In this study, two samples (KDLG1505 and BLG1505)
were collected from the sandstones of Zhongwunongshan
Group exposed in the Baluogenguole (BLG) and Kende-
longgou (KDLG) areas (Figure 1c), respectively.
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3 Analytical Methods

3.1 Zircon geochronology analysis

The detrital zircons were separated using a conventional
heavy liquid and magnetic separation techniques, and
then further purified by handpicking under a binocular
stereoscope. Subsequently, the grains were mounted in
epoxy, and polished to expose the cores of the grains.
Cathodoluminescence (CL) images were obtained for all
zircons prior to analysis, in order to characterize the inter-
nal structures and to choose potential sites for in the in situ
U-Pb dating and Lu-Hf analyses.

This zircon U-Pb dating was conducted in the Key Lab-
oratory of Metallogeny and Mineral Assessment of the Min-
istry of Nature Resources, which is located at the Institute
of Mineral Resources of the Chinese Academy of Geolog-
ical Sciences. The zircon geochronology was performed
by Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry (LA-ICP-MS), on a Finnigan Neptune equipped
with Newwave UP213 laser ablation system, with an abla-
tion spot diameter of 30 um, frequency of 10 Hz, and en-
ergy density of approximately 2.5 J/cm?. Helium was used
as the carrier gas. Zircons SRM610, Plesovice, and 91500
were used as the external standards for correcting the mass
discrimination and isotope fractionation. The detailed an-
alytical conditions are described in [37]. An ICPMSData-
Cal program was used for the data processing [38], and
the Concordia diagrams were obtained using an Isoplot4.0
routine [39]. Therefore, in this study a maximum of 80 in-
dividual zircon grains were selected randomly from each
of the samples. Among the 80 grains, we excluded zircon
age analyses with >10% discordance for interpretation. We
report the ages derived from 2°6Ph/238U for < 1000 Ma and
207pp/206pY for > 1000 Ma. Visualization of U-Pb zircon
ages is achieved using Isoplot 4.0 [39] and Density Plotter
program [40].

3.2 Zircon Hf isotope analysis

The Zircon in situ Lu-Hf analysis was completed in the
State Key Laboratory of Continental Tectonics and Dynam-
ics of the Institute of Geology, Chinese Academy of Geo-
logical Sciences, utilizing a Neptune Plus MC-ICP-MS in-
strument, and a Complex pro.193 nm laser-ablation system.
The ablation spot diameter was 44 pm. The global zircon
standard GJ-1 was taken as the reference material, and the
analytical points were the same as those of the U-Pb dat-
ing. The detailed operating conditions for the LA-MC-ICP-
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Figure 2: Stratigraphic column of the Zhongwunongshan Group

MS and calibration strategy followed those used by [41].
The LA-MC-ICP-MS analyses of the zircon standard GJ-1 dur-
ing the analytical process achieved the 17°Hf/'77 Hf ratio of
0.282015 + 8 (20, n = 10), which was identical to the litera-
ture values within error [42].

4 Results

4.1 Zircon U-Pb dating

The zircon grains from sample BLG1505 range in size from
50 to 100 pm with length/width ratios of 2:1-1:1. These zir-

cons generally display sub-angular to rounded morphol-
ogy. In CL images, most zircon grains have clear oscillatory
zonings, with few zircons showing week zoning or being
structureless (Figure 3). All dated zircons show high Th/U
ratios of 0.26-2.05, low LREE/HREE (<1) ratios and REE+Y
content (<1%), positive Ce and negative Eu anomalies (Ta-
ble 1), which jointly indicate a magmatic origin [43, 44].
The sample BLG1505 yields 67 concordant U-Pb ages vary-
ing from 2456 Ma to 634 Ma with one major age cluster (Ta-
ble 1, Figure 4a). The most prevailing age cluster of 925-725
Ma contains 53 data and defines two age peaks at 831 Ma
and 804 Ma. Additionally, few zircons of Paleo- and Meso-
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Figure 3: Cathodoluminescence images (CL) of the representative analyzed detrital zircons and their corresponding U-Pb ages from the
Zhongwunongshan Group sandstone samples (BLG1505 and KDLG1505). The open circles represent the positions of ablation pits

proterozoic age are also present, with subordinate peaks
at 2398 Ma and 1746 Ma (Figure 4b).

The detrital zircons, in sample KDLG1505, are sub-
angular to sub-rounded shapes with length/width ratios
of 2:1-1:1. Except for the No. 29 and No. 30 analytical
points, the majority of zircons shows well-developed os-
cillatory zoning or plate internal structure (Figure 3), with
Th/U ratios greater than 0.1 (0.26-2.42). Besides, these zir-
cons have similar REE concentration features with sam-
ple BLG1505, indicating the magmatic origin [44] (Table 1).
Sixty-nine concordant zircon U-Pb ages of 2688-420 Ma
were obtained from 69 zircon grains (Table 2, Figure 4c).
These concordant ages are mainly grouped into two dis-
tinct age populations of 460-434 Ma and 966-726 Ma,
defining dominant peaks at 456 Ma with 21 data, and sec-
ondary peaks of 828 Ma, 730 Ma and 956 Ma with 24 data

(Figure 4d). About one-third of the grains are older than
1500 Ma with peaks at 2540 Ma and 1799 Ma.

4.2 Zircon Hf isotopic analysis

Zircon Lu-Hf isotopic analysis were carried out on sam-
ples KDLG1505 and BLG1505 with completed zircon U-Pb
dating. The related results are listed in Table 3. For sam-
ples KDLG1505 and BLG1505, the detrital zircons of the
Zhongwunongshan Group were found to be dominated by
late Early Paleozoic and Neoproterozoic (Table 2, Figure 4).
The Hf isotopic analysis results indicated that the vast ma-
jority of the zircons had negative eHf(t) (Figure 5). Such
eHf(t) distribution characteristics confirmed that the detri-
tal zircons of the Zhongwunongshan Group were mainly
sourced from crustal recycling. However, some zircons
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Figure 5: Plot of zircon Hf isotopes vs. crystallization age from the
Zhongwunongshan Group sandstones

with positive eHf(t) in BLG1505 proved a depleted mantle
source existed (Table 3, Figure 5). The zircons of the Zhong-
wunongshan Group in the eastern section of the study area
had two major U-Pb age populations of 460-434 Ma and
966-726 Ma (Figure 4d). Also, the corresponding eHf(t)
were calculated at -9.6 to —3.1, and -15.9 to —0.8, respec-
tively, with the exception of the No.21 point which had an
eHf(t) of 3.8 (Figure 5). The two-stage model ages (T§,,)
were between 1621 Ma and 2029 Ma, and between 1581 Ma
and 2815 Ma respectively. The averages were determined
to be 1864 Ma and 2362 Ma, respectively (Table 3). In the
western section of the study area, the zircons had a major
U-Pb age population of 925-725 Ma (Figure 4d); eHf(t) be-
tween -11.9 and 9.5 (Figure 5); and average T{,, of 1692 Ma,
which was lower than that of the Neoproterozoic zircons in
the eastern section.
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5 Discussion

5.1 Sources of detritus

The zircon U-Pb age histogram of the clastic samples
showed two major populations (460-434 Ma and 966-
725 Ma), which illustrated that the zircons of the Zhong-
wunongshan Group were mainly derived from Neoprotero-
zoic and late Early Palaeozoic detritus source rocks (Fig-
ure 4). The Neoproterozoic granitic gneiss with similar
formation ages was found in the Yugia-Shaliuhe HP-UHP
metamorphic belt, located on the southern margin of the
NQSB [3, 27]. Due to the continental collision between the
Olongbruk Microblock and the Qaidam Block, the most im-
portant Neoproterozoic tonalite-monzonitic granites were
formed, and intruded into the Yugqia-Shaliuhe HP-UHP
metamorphic belt during the Jinningian period (1000-
800 Ma) [28, 29, 36, 45]. In addition, the Hf isotopic re-
sults showed that the Neoproterozoic zircons from the sam-
ple KDLG1505 also had similar model age (2815-1581 Ma,
with a peak of 2362 Ma), and a similar origin (dominated
by ancient crust melting) as the Neoproterozoic Shaliuhe
granitic gneiss in the eastern section of the Yugia-Shaliuhe
HP-UHP metamorphic belt [2, 46]. However, since the two-
stage model age (T},,) of sample BLG1505 in the western
section was lower than that in the eastern section, the
eHf(t) was found to be significantly higher (Table 2, Fig-
ure 5). These results indicated that the Neoproterozoic de-
tritus source rock in the western section may have been
mixed with depleted mantle. A previous survey revealed
that eclogite which developed in the Xitieshan granitic
gneiss of the western section was originally the oceanic
ridge basalt, with crystallization ages of 1000-800 Ma and
positive eNd (t) [47, 48]. It confirmed that the Neoprotero-
zoic granite gneiss in the west may have been formed dur-
ing a crust-remelting process, and mixed with depleted
mantle, which caused the model age TS, to be below the
normal value in the east [49, 50]. Therefore, in the Yugia-
Shaliuhe HP-UHP metamorphic belt of North Qaidam, the
Neoproterozoic granitic gneiss can likely be one of the ma-
jor detritus source for the Zhongwunongshan Group.

The detrital zircon U-Pb age histogram also showed
that the late Early Paleozoic detritus source rocks within
the age population of 460-434 Ma were another major
source of the Zhongwunongshan Group (Figure 4). How-
ever, the zircons in this age range only appeared in the
eastern section of the study area. It was indicated that
the detritus source rocks were slightly different between
the eastern and western sections of the study area. The
Hf isotopic analysis showed that the late Paleozoic detri-
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tus source rocks were mainly derived from the remelted
magma of the lower crust reservoir (Figure 5). A previ-
ous survey indicated the sustained oceanic crust subduc-
tion occurred when the Qaidam block northward dived
beneath the Olongbruk Microblock during the Late Or-
dovician [36, 63]. Due to the rapid subduction, the thick-
ened lower continental crust melting took place which
formed the active epicontinental arc tonalite-granodiorite
(450-440 Ma) in the Tanjianshan ophiolite-volcanic arc
belt [3, 12, 28, 51]. As the only Early Paleozoic continental
arc granites within the age population in the study area,
the Tomorit quartz diorite—monzogranite series approach-
ing to the south of Ulan was another source for the Zhong-
wunongshan Group.

5.2 Age of the Zhongwunongshan Group

Because the deposition age of sedimentary formation must
be younger than the youngest detrital zircon, which can
be regarded as the maximum deposition age for this for-
mation [52-54]. This approach has been successfully ap-
plied to the time determination for sedimentary strata, es-
pecially to successions where biostratigraphy cannot be
used [55, 56].

In this study, the 2°°Pb/238U age of the youngest detri-
tal zircon (KDLG1505-32) of the Zhongwunongshan Group
is 4345 Ma (Table 2), and can be regarded as the maxi-
mum deposition age of the Zhongwunongshan Group. As
the major provenances for the Zhongwunongshan Group,
the significant input of detritus materials derived from
the Yugia-Shaliuhe HP-UHP metamorphic belt and the
Tanjianshan ophiolite-volcanic arc belt to the south (Fig-
ure 1b). The widespread Maonianshan Group in Devonian
period of the above source regions was characterized of the
youngest detrital zircon age of 407.9 Ma [57], which limited
the deposition of the Maoniushan Group to be later than
the Early Devonian. However, the detrital zircon U-Pb ages
of the Zhongwunongshan Group were all older than 407.9
Ma, which indicated the absence of detritus materials of
4079 Ma in the source regions during the Zhongwunong-
shan group deposited, and limited the depositional age of
that strata to be older than early Devonian (407.9 Ma).

5.3 Tectonic significance

In the period from late Late Neoproterozoic to Middle Or-
dovician (580-465 Ma), the North Qaidam oceanic crust
subducted northward beneath the Olongbruk Microblock,
resulted in the formation of the Tanjianshan volcanic is-
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land arc [32, 58, 59] and Yugia-Shaliuhe ultrahigh pressure
metamorphic rocks [60, 61]. This subduction also induced
compensatory convection of the mantle wedge behind the
island arc, and forced deep-seated magma to upwell which
resulted in back-arc extension [63].

During the Late Ordovician to Middle Silurian (465—
435 Ma), the North Qaidam Ocean closed and the Qaidam
Block collided with the Olongbruk Microblock. Due to the
rapid subdution, the thickened lower continental crust
melting took place which formed the epicontinental arc
tonalites-granodiorites (450-440 Ma) in the Tanjianshan
ophiolite-volcanic arc belt [3, 12, 28]. At the same time, the
back-arc basin to the north of the North Qaidam deposited
thick flysch sediments in the ZWSB and the adjacent South
Qilian area during the Silurian [63].

The Late Silurian-Early Devonian (435-400 Ma) is
an important transition period for the Early Paleozoic
tectonic evolution in the North Qaidam. The continu-
ous movement of the asthenosphere with respect to the
lithosphere at this stage promoted detachment within
the lithosphere and caused partial melting of the sub-
ducted continental crust. Meanwhile the alkaline basaltic
magma, derived from remelting of deep subduction of the
oceanic crust, uplifted and mixed with the continental
crust magma. The mixed magma was finally emplaced in
both sides of the HP-UHP zone, which formed the Early
Devonian gneissic granite with the characteristics of in-
traplate cracking. The zircons from the gneissic granite
yielded a U-Pb isotopic age about 400 Ma [3, 12], mark-
ing the completion of the Caledonian collisional orogeny
in the NQSB.

In conclusion, the Zhongwunongshan Group was de-
posited during the period from the late Early Silurian to
the early Early Devonian (434-407.9 Ma), when the North
Qaidam was in the orogenic stage of the end of the early
Paleozoic. Its provenance mainly came from the uplift-
ing and erosion of the Yugia-Shaliuhe HP-UHP metamor-
phic belt and the Tanjianshan ophiolite-volcanic island
arc belt of the NQSB. Furthermore, the Zhongwunongshan
Group was located in the back-arc area to the Early Paleo-
zoic Tanjianshan volcanic island arc belt of North Qaidam.
With this information, it suggests that the Zhongwunong-
shan Group in the ZWSB and adjacent area is obviously
dominated by the intense collisional orogeny of the North
Qaidam in the end of the Early Paleozoic, which formed in
the late Early Paleozoic back-arc basin.

Provenance of the Zhongwunongshan Group = 41

6 Conclusion

Our new data allow the following major conclusions:

1. The detrital zircon U-Pb dating results of the Zhong-
wunongshan Group showed two major populations.
The first was Neoproterozoic (966725 Ma) with a
eHf(t) = -15.9 to 9.5, and the other was late Early
Paleozoic (460-434 Ma) with a eHf(t) = -9.6 to -3.1.
Based on the regional studies, the dominated prove-
nances were found to be the Neoproterozoic granitic
gneiss of the Yugia-Shaliuhe HP-UHP metamorphic
belt and the late Early Paleozoic granites of the Tan-
jlanshan ophiolite-volcanic arc belt in the NQSB.

2. In combination with previous research, the
youngest detritus zircon ages of 434 Ma suggest
that the Zhongwunongshan Group was deposited in
the back-arc sedimentary basin associated with the
Caledonian collisional orogeny of the NQSB during
the Middle Silurian-Early Devonian (434-407.9 Ma)
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