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Abstract: The late Paleozoic tectonic setting of the Zongwulong Belt (ZWLB), a significant unit located
in the northern Qaidam margin, Qinghai province, remains uncertain. Diabase dykes in the western
part of the Zongwulong Belt offer insights into this issue. Field investigations reveal that the dips of
the dykes are almost vertical, and they have sharp boundaries with the host rocks. These dykes consist
of plagioclase, clinopyroxene, and opaque minerals exhibiting a characteristic porphyritic texture and
massive structure. Zircon U-Pb dating of the dykes yields a weighted 2%°Pb /233U age of 289 + 1 Ma.
The dykes exhibit relatively high concentrations of TFeO, K,O + NayO, and TiO,, while the SiO;
and MgO concentrations are relatively low. They display relative light-over-heavy REE enrichment,
and lack negative Nb-Ta and Eu anomalies. The dykes underwent negligible crustal contamination,
and experienced extensive fractional crystallization of olivine, clinopyroxene, and Fe-Ti oxides.
Originating from the spinel-garnet transition zone at depths of approximately 75 km, the dykes
result from garnet facies low-degree melting (5%—-10%) in a continental rift setting. Combining these
findings with regional geological data, we propose that the ZWLB likely experienced a continental
rift in the west and exhibited a narrow oceanic environment in the east in the late Paleozoic period,
potentially representing the most distant north branch of the East Paleo-Tethys Ocean.

Keywords: Baluogenguole mafic dykes; geochemistry; late Paleozoic; East Paleo-Tethys Ocean;
Zongwulong Belt

1. Introduction

The NW-trending Zongwulong Belt (hereinafter referred to as ZWLB) is sandwiched
between the Qilian Orogen and the northern margin of the Qaidam Basin, with its east-
ern extension reaching into the junction of the East Kunlun and West Qinling orogens
(Figure 1b, [1]). The main strata of the ZWLB are characterized by late Paleozoic to
early Mesozoic sedimentary rocks, including the Tianjunnanshan Carboniferous ophio-
lite complex [2]. This ophiolite complex is coeval with those at Muztagh-Bugingshan-—
Anemagen (303-345 Ma, [3,4]) and the Kuhai-Saishitang (369 £ 1 Ma, [5]) district, repre-
senting one of the main parts of the Paleo-Tethys Ocean suture zone. Therefore, the ZWLB
could serve as a key window for deciphering the formation of Paleo-Tethys Ocean in the
northernmost Qinghai-Tibet Plateau.

The ZWLB was initially considered a late Paleozoic continental rift ([6,7]). Since the
discovery of the Carboniferous Tianjunnanshan ophiolite by Wang [2], this belt was first
regarded as having formed in an oceanic setting. In contrast, Fu [8] identified 509 + 4 Ma
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dolerite in the Tianjunnanshan ophiolite and proposed that the ZWLB is an early Paleozoic
to early Mesozoic composite orogen formed after the closure of the Proto- to Paleo-Tethys
oceans. However, the Wahongshan-Wenquan (WWF) strike-slip fault has cut the ZWLB
into western and eastern parts, and the rocks in both parts are completely different. In
its eastern part, there are ophiolites representing oceanic crust fragments [2,8] and late
Paleozoic to early Mesozoic granitoids related to oceanic subduction and continental
collision [9-14]. Conversely, there are no comparable ophiolites and their rock fragments
and arc-type granitoids have been found in the western ZWLB.

Recently, a number of Li-(Be) rare-metal pegmatite veins have been discovered in the
Chakabeishan area in eastern ZWLB [15,16], forming a potential Li-bearing ore belt. The
ambiguous tectonic affinities of the ZWLB have hampered future exploration, particularly
regarding the Li-Be mineralization potential.

Mafic dykes exhibit a fast emplacement rate and experience a low degree of crustal
contamination, which may largely retain the nature of the mantle source and can pro-
vide insights into deep processes [17,18]. We have discovered a series of Early Permian
mafic dykes in the Baluogenguole area in the western ZWLB. Field geological surveys,
petrographic and geochemical analysis, as well as zircon U-Pb dating and Sr-Nd-Hf iso-
tope analysis, were carried out to explore their petrogenesis and tectonic setting. The
implications of this study for the regional tectonic evolution will also be discussed.

2. Geological Setting

The Central China Orogenic Belt (hereinafter referred to as CCOB) is a 5000 km long
tectonic belt stretching from east to west across Central China. The Qilian—Qaidam-Kunlun
(QQK) orogen in the northern Tibetan Plateau constitutes the western part of the CCOB
(Figure 1a, [19,20]). The QQK orogen is considered to have formed through a complex
accretion—collision sequence involving the Proto- to Paleo-Tethyan Oceans from the Paleo-
zoic to early Mesozoic (e.g., [8,21-28]).
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Figure 1. Tectonic framework of the western part of CCOB ((a), modified after Yang [22]) and
geological map of the ZWLB and adjacent areas ((b), modified after Pan [29]); MAKM—Muztagh—
Bugingshan—-Anemaqen; WWF—Wahongshan-Wenquan Fault; ZSF—Zongwulong Southern Margin
Fault; ZNF—Zongwulong Northern Margin Fault.
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The ZWLB has a length of about 500 km and a width of 5 to 10 km. It is bounded
by the South Qilian Belt, with the Zongwulong Northern Margin Fault to the north, and
by the Oulongbulouke Block, with the Zongwulong Southern Margin Fault to the south.
Additionally, it is cut to the west by the Altyn Tagh Fault during the Mesozoic [30], and it
may extend eastward to the West Qinling Orogen (Figure 1b, [6,8,9,12,25,31]).

The Oulongbulouke Block is considered to represent a basement fragment derived
from the Tarim Craton [26,32]. It has a typical two-layer structure with a Paleo- to Mesopro-
terozoic metamorphic basement and a Neoproterozoic sedimentary cover [33-36]. Overly-
ing the Precambrian strata are lower Paleozoic carbonate sediments that underwent the
Caledonian orogeny and Silurian arc—continent collision [37]. The upper Paleozoic se-
quence comprises Middle-Late Devonian terrestrial clastic-volcanic rocks, and widespread
Carboniferous-Permian marine and continental interclastic sediments with carbonate in-
terlayers. The Devonian Maoniushan Formation mainly consists of an upper bimodal
volcanic rock sequence (ca. 411-409 Ma) and the lower clastic rocks [38]. Tuff has recently
been identified in the Carboniferous—Permian sediments (Zhabusagaxiu Formation), with
a high-precision age determined to be 293-295 Ma [39,40].

The South Qilian Belt is considered to display affinity with the South China
Block [23,41,42], and is mainly represented by a Mesoproterozoic crystalline basement,
lower Paleozoic fold basement, and upper Paleozoic to early Mesozoic sedimentary cover
(Figure 1b). In response to the subduction and closure of the Proto-Tethyan Ocean, the
South Qilian Belt formed a large number of early Paleozoic intermediate-acid magmatic
rocks, with its western segment unconformably overlain by the Silurian and Triassic
sedimentary rocks [23,42,43].

The ZWLB differs from the petrostratigraphic units developed in the Precambrian
blocks on the north and south sides. It is embedded in the CCOB, representing a Proto- to
Paleo-Tethyan tectonic domain. The ZWLB is primarily represented by the Carboniferous—
Permian Zongwulong Group (including the Turgendaban and Guokeshan Formations), the
Triassic Longwuhe Formation, and Carboniferous Tianjunnanshan ophiolitic rocks, which
are associated with the evolution of the Paleo-Tethys Ocean [1,8,9]. With the Wahongshan
Fault serving as the boundary (Figure 1b), significant differences are observed between the
eastern and western parts of the ZWLB. In the western ZWLB, the Zongwulong Group pri-
marily consists of the Turgendaban Formation, intruded by mafic dykes. The Turgendaban
Formation exhibits flysch sedimentary characteristics, consisting of semi-abyssal to abyssal
facies feldspar quartz sandstone, lithic quartz sandstone with limestone and mudstone,
and some volcanic rocks. The Longwuhe Formation is restricted to the Huaitoutala area;
its rocks consist of sandstone, slate with laminated limestone, and conglomerate with
sandstone appearing upward, displaying molasse unit features [44,45]. late Paleozoic to
early Mesozoic arc-type granitoids and ophiolites, or their rock fragments, are absent in the
western ZWLB. In the eastern ZWLB, the Zongwulong Group comprises the Turgendaban
and Guokushan Formations, which are in fault contact. The Guokeshan Formation is
composed of shallow-marine lithic quartz sandstone interbedded with limestone [2,7-9].
The Longwuhe Formation is widely distributed and shares similarities with the Longwuhe
Formation of the West Qinling Orogen, displaying typical flysch clastic rock deposition [46].
Ophiolites in the Tianjunnanshan area, comprising ultramafic rocks, gabbro, dolerite,
basalt, and chert [2,8], indicate the presence of the Proto-Tethys and Paleo-Tethys oceanic
crusts [8,9]. Additionally, late Paleozoic to early Mesozoic granitoids related to oceanic
subduction and continental collision have also developed in the eastern ZWLB [9-14].

3. Geology and Sample Descriptions of Baluogenguole Mafic Dykes

The studied mafic dykes are located in the western ZWLB, approximately 25 km
northeast from the town Huaitoutala (Figure 1b). These dykes have intruded phyllites
and exhibit a thickness ranging from 0.5 m to 3 m, with a maximum length up to 5 km
(Figures 2 and 3a). They strike east-west (EW) and are nearly vertical (Figures 2 and 3b).
The contact boundary between the mafic dykes and the host rocks is sharp (Figure 3c).
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Strong cleavage zones, approximately 20 cm to 100 cm wide, are observed at the edge of
the host rocks (Figure 3c). The host rocks mainly consist of phyllite of the Zongwulong
Group and also strike east-west, consistent with the trend of the dykes (Figure 2).
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Figure 2. Simplified geological map of the Baluogenguole mafic dykes.

A total of 12 unaltered dyke samples (1-1, 2-1, 3-2, 4-1, 4-2, 5-1, 5-2, 6-2, 7-1, 7-2, 8-1,
and 8-2) were collected from different locations (Figure 2). Among these, sample 4-1 (B-4),
collected from mafic dyke No.3, was selected for U-Pb dating (Figure 2). The mafic dykes
mainly comprise diabase porphyrite, and are grey-green in color with an ophitic texture
and a massive structure. They are composed of phenocrysts (10%) and groundmass (90%).
The phenocrysts consist of plagioclase (8%) and dark-colored minerals (2%). Plagioclase
phenocrysts are tabular and exhibit strong alterations, including those from carbonate,
chlorite, and epidote. While the altered plagioclase type is not easy to measure, we can
only speculate it to have originally been calcic feldspar. The dark-colored minerals are
short, columnar, and granular, and they are replaced by carbonate minerals, chlorite, and
aggregates of epidote. These minerals are believed to have mainly been clinopyroxene
based on their crystal morphology. The groundmass exhibits an ophitic texture and is
mainly composed of plagioclase (46%), dark-colored clinopyroxene and biotite (38%),
opaque titanomagnetite (6%), and very few quartz. Both the plagioclase and dark-colored
minerals show strong alteration (Figure 3d,e).
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Figure 3. Outcrop of the NW-striking Baluogenguole mafic dykes intruding the Zongwulong Group
(a,b); outcrop of host rocks (Zongwulong Group) with strong cleavage zones (c); and photomicrograph
of the Baluogenguole diabase dykes, composed of phenocrysts (Pl + Cpx) and groundmass (P1 +
Cpx + OM) ((d,e), cross-polarized light). Abbreviations: Cpx—clinopyroxene, Pl—plagioclase,
OM—opaque titanomagnetite.

4. Analytical Methods
4.1. Whole-Rock Geochemical Analysis

All samples were cleaned, with any weathered or veined surfaces were removed using
a diamond saw. This was followed by washing with distilled water and air-drying. The
samples were then crushed and pulverized to 200 mesh. Whole-rock major and trace
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element abundances were analyzed using a PANalytical Axios-advance X-ray fluorescence
spectrometer (XRF) and Elan DRC-e ICP-MS, respectively, at Nanjing Hongchuang Geolog-
ical Exploration Technology Service Co., Ltd. (NHEXTS), Nanjing, China. The analytical
precision of the whole-rock major elements is better than +5%. The analytical precision of
the whole-rock trace elements matches that reported by Liu [47]. The detailed procedure
followed the methodology described by Chen [13].

4.2. Zircon U-Pb Dating

In total, more than 300 zircon grains from a 25 kg diabase dyke sample (B-4) were
extracted using standard heavy liquid and magnetic techniques. Idiomorphic zircon
grains were handpicked under a binocular microscope and then mounted in epoxy along
with the zircon standard R33 [48]; the surface of the grains was then polished to expose
the center of the grains. Afterwards, reflected-light photomicrographs were taken and
cathodoluminescence (CL) imaging was conducted, followed by LA-ICP-MS analysis at
NHEXTS. The internal structure of zircon grains was analyzed employing a TESCAN
MIRA3 field emission scanning electron microscope and TESCAN cathode luminescence
probe. The selection of test points was firstly based on the reflected light and transmitted
light micrographs of zircons, and then compared repeatedly with CL images to identify
and avoid internal cracks and inclusions, in order to obtain more accurate age informa-
tion. In situ U-Pb dating and trace element analysis of zircons were conducted using an
LA-ICP-MS instrument equipped with an Agilent 7700x quadrupole mass spectrometer
and a Photon Machines Excite laser ablation system. The laser employed is a 193 nm
ArF excimer laser. The direct laser ablation beam diameter is 35 pm, and the sample
ablation depth ranges from 20 to 40 pm. Zircon 91500 and GJ-1 were used as primary
and secondary reference materials, respectively [49]. Triplets of 91500 and GJ-1 were
bracketed between multiple groups of 10 to 12 sample unknowns. Typically, 35-40 s of
the sample signals were acquired after 20 s gas background measurement. Using the
exponential function to calibrate the downhole fractionation [50]. NIST 610 and Nzyr
were used to calibrate the trace element concentrations as the external reference material
and internal standard element, respectively. Measured ages of 91500 (1061.5 + 3.2 Ma,
20) and GJ-1 (601.7 + 4.2 Ma, 20) are well within 1% of the accepted age. The ICPMS-
DataCal and Isoplot/Exver (Version3.0) software were used for data reduction [51,52].
Trace element contents were calibrated using NIST SRM 610, a synthetic silicate glass
made by the National Bureau of Standards and Technology, as the external standard,
and Si as an internal standard. The analytical procedures followed were consistent with
those described by Liu [52].

4.3. Zircon Lu—Hf Isotopes

Zircon Lu-Hf isotope analyses were also measured at NHEXTS. In situ Hf isotope
ratio analyses of zircon were conducted on the dated zircon grains. This was achieved
using an Australian Scientific Instruments RESOlution LR laser ablation system (Canberra,
Australian) and Nu Instruments MC-ICP-MS (Wrexham, Wales, UK). The 193 nm ArF
excimer laser, which was homogenized by a set of beam delivery systems, was focused
on the zircon surface with a fluence of 3.5 J/cm?. The ablation protocol employed a spot
diameter of 50 um at an 8 Hz repetition rate for 40 s, which equates to 320 pulses. Helium
was applied as carrier gas to efficiently transport aerosol to the MC-ICP-MS. Standard
zircons (including GJ-1, 91500, Plesovice, Mud Tank, Penglai) were treated as quality control
every five unknown samples. Zircon PleSovice was used as the reference standard. The
average value of the standard’s 7°Hf/177Hf ratio was 0.282481 =+ 0.000010 (20), which is in
good agreement with the reference value of 0.282482 + 0.000013 [53].

4.4. Whole-Rock Sr-Rb and Sm-Nd Isotope Analysis

The analysis of whole-rock Sr-Nd isotope composition of the mafic dyke samples
was conducted at NHEXTS. Following the separation and purification of Sr-Rb and
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Sm-Nd isotopes, the compositions of whole-rock powders for Sr-Rb and Sm-Nd iso-
topes were determined using the Neptune plus MC-ICP-MS (Thermo Fisher Scientific,
Dreieich, Germany).

The mass fractionation of the 8 Sr/%Sr ratio was corrected by normalization to a
constant 8Sr /8Sr ratio of 0.1194, employing an exponential law. The isobaric interference
of Rb on 8Sr was corrected using a natural Rb/3Rb ratio of 0.3857. Instrumental drift
was corrected using the NIST SRM 987 standard as external reference [54,55].

The mass bias correction of the 143Nd/1**Nd ratio was conducted by normalizing to
146N d /1#4Nd = 0.7219, employing an exponential fractionation law. Instrumental drift was
corrected using the JNdi-1 standard as external reference [56].

5. Results
5.1. Whole-Rock Major and Trace Elements

The whole-rock major and trace element compositions of the twelve dyke samples are
presented in Supplementary Table S1. The data for coeval mafic magmatism related to the
Paleo-Tethys Ocean are provided for comparison, including ca. 318-331 Ma Tianjunnanshan
mafic rocks (TJNS, [2,8]), ca. 317-279 Ma high-Ti continental mafic dykes in the south
Qiangtang Block (QHT, [57-59]), ca. 303 Ma Bugingshan N-MORB mafic rocks (BQS) in
the East Kunlun Orogen [4], and 359-387 Ma Lalongwa mafic dykes (LLW) in the Kuhai-
Saishitang Tectonic Belt [1,5,60]. The loss on ignition (5.28-12.17 wt.%) of the samples is
relatively high, suggesting that the mafic dykes have undergone alteration; this is consistent
with the microscopic observations (Figure 3). All the major element concentrations in these
samples are normalized to 100% on a volatile-free basis.

The mafic dykes exhibit relatively uniform SiO, (47.3-51.8 wt.%) and Na,O
(2.26-3.92 wt.%) contents, but the content of K,O (0.08-1.10 wt.%) varies greatly. They
also display relatively high TiO, (2.02—4.05 wt.%) and Tre203 (12.67-15.91 wt.%) contents,
as well as low MgO (4.11-7.50 wt.%), variable Al,O3 (13.54-17.00 wt.%), and low P,Os
(0.24-0.51 wt.%) contents. The Mg# (=MgO/(MgO + FeO + Fe,O3), molar ratios) values
of the samples range from 34.1 to 52.3, and are lower than the Mg# value of the original
basaltic magma (68-75, [61]). Most of the samples fall into the gabbroic field and around
the boundary between subalkaline and alkaline rocks in a total alkalis versus SiO, diagram
(Figure 4a, [62]). However, they exhibit high Nb/Y ratios (0.67-1.76), comparable to those
of the QHT. In an immobile element diagram (Figure 4b), all of the samples fall into the
alkaline basalt field (Figure 4b).

In contrast, the TINS, BQS, and LLW samples belong to the Andesite or basalt
field, close to the boundary to the subalkaline basalt field due to their low Nb/Y ratios
(Figure 4a, [63]).
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Figure 4. (a) NayO + K,O versus SiO, plot (after [62]); (b) Zr/TiO, versus Nb/Y plot (after [63]);
(c) chondrite-normalized REE patterns; (d) primitive-mantle-normalized multi-element spidergram.

Chondrite and primitive-mantle-normalized values are derived from [64]. Note: OIB, N-MORB,
E-MORB data are sourced from [64]. Data for Tianjunnanshan mafic rocks, Kuhai-Saishitang mafic
dykes, Bugingshan mafic rocks, and Qingtang high-Ti mafic dykes are from [1,4,8,9,57-59], respec-

tively. The symbols and data sources in this figure are consistent with those in Figures 7 and 9-11.

The diabase samples exhibit varying V, Cr, and Ni contents ranging from 216.25 to
355.71 ppm, 32.27 to 312.40 ppm, and 31.48 to 153.04 ppm, respectively. They display
uniform chondrite-normalized REE patterns, characterized by LREE-enriched patterns
[(La/Yb)n = 4.21-10.51] with negligible Eu anomalies (Eu/Eu* = 0.89-1.15) (Figure 4c).
These samples are enriched in High-Field-Strength Elements (HFSEs) such as Nb, Ta,
and Ti, resembling OIB-like alkaline basalts [65,66] on the primitive-mantle-normalized
spidergram (Figure 4d). Their REE and trace element patterns are similar to those of the
QHT but differ from the TJNS, BQS, and LLW samples (Figure 4c,d).

5.2. Zircon U-Pb Geochronology

The zircon grains extracted from sample B-04 in the ZWLB underwent LA-MC-
ICP-MS U-Pb dating. Representative CL images of the zircon grains from the diabase
sample (B-4) are depicted in Figure 5a. The U-Pb isotope analytical results are provided in
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Supplementary Table S2, while the weighted average ages and Concordia diagrams are
presented in Figure 5b,c, respectively.

\ s 3
, Lu-Hf isotope analysis
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Figure 5. CL images of representative zircon grains from mafic dykes (a) and zircon U-Pb concordant
diagram for sample B-04 (b,c) in the ZWLB.

Twenty-five zircon grains from diabase sample B-4 were analyzed. These zircons
typically appear transparent, ranging from colorless to pale yellow, and exhibit euhedral
or subhedral shapes. Their lengths vary between 40 and 110 um, and the width/length
ratios range, approximately, from 1.1 to 2.5. Notably, the zircon grains display dis-
tinct oscillatory zonings and high Th/U ratios (0.4 to 1.2), indicative of a magmatic
origin [67-69]. Among the twenty-five analyzed spots, six data points show concordances
of less than 95% (see Supplementary Table S52). Three zircon grains yielded significantly
older 206Pp /238y ages (434-442 Ma), consistent with inherited zircons and arc-related
volcano-sedimentary assemblages of the Tanjianshan Group and the High-Pressure-Ultra-
High-Pressure (HP-UHP) metamorphic complexes in the North Qaidam Orogen [70,71].
The remaining fifteen analytical spots yielded concordant 2°°Pb /238U ages between 285 and
292 Ma (Supplementary Table S2), with a weighted mean of 289.3 & 1.2 Ma (MSWD = 1.6)
(Figure 5b,c). We interpret this as the crystallization age of the sample.

5.3. Sr-Nd-Hf Isotope Compositions

Whole-rock Rb-Sr and Sm-Nd data for Baluogenguole mafic dykes are presented
in Supplementary Table S3. The initial Sr-Nd isotope values were calculated using the
weighted mean age of 289.3 Ma for sample B-04. The samples exhibit variable (8Sr/3¢Sr);
values ranging from 0.71587 to 0.72251, relatively uniform (3Nd/!#4Nd); values ranging
from 0.512525 to 0.512687, and eNd(t) values ranging from +5.07 to +8.23, respectively.
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They have yielded corresponding single-stage Nd model ages (Tpy) ranging from 333 to
449 Ma.

Supplementary Table S4 contains the in situ zircon Hf isotope data for the No.3 mafic
dyke sample B-4. The zircon grains exhibit positive eHf(t) values ranging from +1.31 to
+3.58 and relatively young single-stage Hf model ages ranging from 783 to 862 Ma.

6. Discussion
6.1. Post-Magmatic Alteration

Although the freshest rocks were selected for chemical analysis, the LOI values
(5.28-12.17 wt.%) are still high, indicating significant post-magmatic alteration in the mafic
dykes. This is consistent with observations from the microscopic mineralogy that the
plagioclase and clinopyroxene show strong alteration. This highlights the necessity of
assessing the intensity of alteration effects on the whole-rock geochemical data.

The alteration in plagioclase results in the high mobility of major elements (e.g., NayO,
K70, Al,O3, CaO), while the alteration in clinopyroxene leads to the high mobility of major
elements such as MgO and TFeO. However, since the content of clinopyroxene in the
sample rocks is low (2%), the influence of clinopyroxene alteration on MgO and TFeO is
limited (Figure 6a,b).
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Figure 6. (a-1) Plots of MgO, TFeO, TiO,, Nb, Ta, La, Hf, Th, Pb, Rb, Sr, and Ba vs. Zr for the
Baluogenguole diabase samples.
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Zr in igneous rocks is commonly considered one of the most immobile elements during
low- to medium-grade metamorphism and alteration, except for the case of intense seafloor
hydrothermal alteration (e.g., [72,73]). The influence of post-magmatic alteration on other
trace elements can be assessed based on correlations with the Zr content [74]. As shown in
Figure 6, the positive correlations between HFSEs and Zr suggest that these elements have
retained their original signatures. However, there are no correlations between the contents
of Ba, Rb, Pb, and Sr (LILE) and the Zr content, indicating the high mobility of these
elements during alteration. Post-magmatic alteration may also influence the Sr isotopic
composition, potentially providing misleading information about the mantle source [75].

To minimize the effects of alteration, major elements such as MgO, TFeO, and TiO;,
as well as trace elements including highly incompatible elements (HFSEs), Th, and rare
earth elements (REEs), were used to constrain the petrogenesis and tectonic setting of the
mafic dykes.

6.2. Petrogenesis and Magma Sources
6.2.1. Crustal Contamination

Mafic dykes intruded into continental environments can experience contamination
from the surrounding continental crust either during their ascent or while residing within
the crust. The presence of inherited zircons, enriched in light REEs, and depleted in heavy
REESs, suggest that limited crustal contamination might have occurred during the ascent
of the mafic magma. In the primitive-mantle-normalized trace element spidergram, the
average continental crustal compositions show an obvious depletion in Nb-Ta [76], which is
distinct from the pattern of the studied Baluogenguole mafic rocks (Figure 4d), precluding
the possibility of widespread continental contamination. Both Th and Ta are also sensitive
to crustal contamination. The primitive mantle has a Th/Ta ratio of 2.3, while the typical
upper continental crust has a Th/Ta ratio greater than 10 [77]. The samples have a mean
Th/Ta value of 1.72, which also indicates that continental contamination is negligible.

The samples have substantially lower La/Nb ratios (0.67 to 0.91) than typical continen-
tal crustal rocks (>12), along with a restricted range of zircon ¢éHf(t) and whole-rock eNd(t)
values, which is inconsistent with continental contamination. Additionally, no/weak neg-
ative and positive correlations are observed for SiO; (wt.%) vs. Th/Nb, 5iO, (wt.%) vs.
La/Sm, and Nb/La vs. Sm/Nd, respectively (Figure 7a—c), suggesting a negligible contri-
bution from ancient continental crust. In the Th/Yb vs. Nb/Yb diagram (Figure 8a), the
samples do not exhibit a conspicuous shift toward high Th/Yb ratios and deviation from
the mantle array, indicating that the dyke magmas retained the features of their mantle
source. A (La/Nb)py vs. (Th/Nb)py diagram also indicates the lack of continental crust
input (Figure 7d, [78]). The samples are plotted within the field defined by Hawaiian
OIB-like alkaline basalts [79] and least-contaminated Qiangtang high-Ti alkaline mafic
rocks [57-59], suggesting the dyke magmas retained the features of their mantle source.

Furthermore, Baluogenguole mafic dykes exhibit a distinct intrusive relationship
with the host rocks in the field, indicating that the crustal contamination is insignifi-
cant. Thus, the observed geochemical diversity most likely reflects the nature of the
mantle source [80].
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Figure 7. SiO; (wt.%) vs. Th/Nb (a), SiO, (wt.%) vs. La/Sm (b), Nb/La vs. Sm/Nd (c), and
(La/Nb)pym vs. (Th/Nb)py (d) plots for testing crustal contamination of Baluogenguole mafic dykes
in the ZWLB. Data sources: Subscript PM indicates ratios normalized to primitive mantle values
of [64]. UC—upper crust, MC—middle crust, LC—lower crust [76]; Hawaiian OIB [78]; Qiangtang
high-Ti mafic rocks [56-58]; oceanic basalts [81].

6.2.2. Fractional Crystallization

The Baluogenguole mafic dykes exhibit low Cr (32.27-312.40 ppm), Ni
(31.48-153.04 ppm) contents, as well as low Mg# (39-52). These values are significantly
lower than those of primitive basalts (Cr > 1000 ppm, Ni > 400 ppm, ref. [82] and Mg#
between 73 and 81, ref. [83]), indicating the extensive fractional crystallization of mafic
minerals (e.g., olivine, clinopyroxene) during magmatic evolution. Support for this inter-
pretation comes from the correlation of MgO (wt.%) vs. Ni (ppm) and Cr (ppm) vs. Ni
(ppm) (Figure 9a,b). The minor fractionation of olivine is indicated by a decrease in the Ni
content, associated with a decrease in the MgO content (Figure 8a), while the fractionation
of clinopyroxene is indicated by a decrease in the Ni content associated with a decrease in
the Cr content (Figure 8b). Generally, this process of fractional crystallization of a mafic
mineral is accompanied by plagioclase crystallization. However, the presence of the subtle
Eu anomalies (6Eu = 0.84-1.11) suggests that plagioclase did not separate from the melt
as a distinct phase. The various Sr anomalies in some samples (Figure 4d) may reflect the
effects of low-grade metamorphism and alteration. The correlation of MgO (wt.%) vs. TiO,
(wt.%) and MgO (wt.%) vs. TFeO (Figure 9¢c,d) suggests the fractionation of Fe-Ti oxides.
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This interpretation is consistent with mineral phases such as titanomagnetite observed in
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6.2.3. Magma Source

The Baluogenguole mafic dykes have a high TiO, (2.02-4.05 wt.%) content and elevated
Nb/Y ratios (0.67-1.76). Their primitive-mantle-normalized trace element patterns are similar
to those of the Hawaii OIB-like basalts and Qiangtang high-Ti mafic rocks [57-59,81], with
enrichment in HFSEs (Figure 5b). These dykes demonstrate geochemical characteristics of
the alkaline basalt series, with negligible crustal contamination. The Nd and Hf isotopes
(eNd(t) = +5.16 to +8.47; eHf(t) = +1.31 to +3.58; Supplementary Table S3) indicate a mantle
source. Furthermore, the samples exhibit high Nb/La ratios (1.10-1.49) and La/Yb ratios
(5.87-14.66). In the Nb/Yb vs. Th/Yb and TiO,/Yb diagrams (Figure 9a,b), the samples are
plotted within the OIB field and Qiangtang high-Ti mafic rock field, suggesting that the
Baluogenguole mafic dykes originated from a mantle source similar to both OIB and the
Qiangtang high-Ti mafic rocks, likely associated with mantle plume activity.

The source characteristics and melting depth can be inferred using the REE abundances
and ratios of primary basalts (e.g., [84,85]). In the case of the samples from Baluogenguole
mafic rocks, the fractional crystallization of olivine and clinopyroxene occurred without
significant crustal contamination. Hence, it is essential to assess the impact of fractional
crystallization (olivine and clinopyroxene) on REEs. REEs and yttrium often possess larger
ionic radii and/or higher charges compared to the cations commonly present in olivine
and clinopyroxene [86]. This property renders them less compatible with these minerals,
causing them to concentrate in the melt during the magma’s evolution. Consequently, these
REE ratios can serve as indicators to evaluate the mantle source characteristics and the
depth of melting in Baluogenguole mafic rocks.

The Baluogenguole mafic dykes have relatively low (Yb/Sm)py and (Tb/Yb)py ratios.
In the (Yb/Sm)py vs. (Tb/Yb)py diagram, the samples fall within the mantle source region,
where garnet peridotite contributes approximately 50%, and low-degree melting (5%-10%)
is required (Figure 10a, [87]). The slightly fractionated HREE patterns (Figure 6a) and the
relatively high La/Sm and Sm/Yb ratios (Figure 10b), along with their low Ce/Y (1.13-2.49)
and moderate Dy/Yb (2.08-2.27) ratios (Supplementary Table S1), support the occurrence
of low-degree melting in the spinel-garnet transition zone at depths of approximately
75 km [88].
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Figure 10. Plots of (Yb/Sm)PM vs. (Tb/Yb)PM (a) and Sm/Yb vs. La/Sm (b). In (a), the grid shows
the range of model melt compositions by different proportions (1%, 5%, 10%, and 15%) of the partial
melting of the model source; the proportions of melt contribution from garnet facies peridotite (Grt)
are shown by the dashed blue lines, e.g., Grt0 represents the melt from spinel peridotite; the constant
melt fraction is indicated by the black lines. Details of model source and model curves are from [87].
In (b), the melting curves are from [84] obtained using the non-modal batch melting equations of [89].
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Melt curves are drawn for spinel-lherzolite with mode and melt mode of oly.539 + opxg:270 + €PX0:170
+ spo:030 and olp.gep + OPXp:280 + CPX0:670 + SPo:110; respectively [90] and for garnet-lherzolite with
mode and melt mode of oly.00 + 0PX0:200 + €PX0:100 + gto:100 and olp.030 + OPX0:160 + CPX0:880 + &t0:090/
respectively [91]; numbers along lines represent degrees of partial melting. Abbreviations: DMM:
Depleted MORB Mantle; PM: primitive mantle; N-MORB: normal mid-ocean ridge basalt; E-MORB:
enriched mid-oceanic ridge basalt; Grt: garnet; Sp: spinel.

6.3. Tectonic Implications
6.3.1. Tectonic Setting

Mafic dykes are important not only for tracing mantle sources but also for deter-
mining their tectonic settings [17,92,93]. Our data from the Baluogenguole mafic dykes
display relatively higher Nb, Ta, and TiO, contents than those of arc-related basalts in
subduction settings [94,95]. The dykes have Zr concentrations (314-351 ppm) and Zr/Y
ratios (5.33-6.10) comparable to within-plate basalts (Figure 11a, ref. [96]). On the Ti/100-
Zr-3Y and Hf/3-Th-Ta triangle diagram, they lie in the within-plate alkali basalt field
(Figure 11b,c, ref. [96,97]). On the Y/15-La/10-Nb/8 (Cabanis and Lecolle, 1989) dis-
crimination diagrams, the samples are plotted in the continental rift alkaline basalt fields
(Figure 11d, ref. [98]). These diagrams uniformly indicate that the Baluogenguole mafic
dykes formed in an intraplate setting, resembling the Qiangtang high-Ti mafic rocks, which
are thought to have formed in a continental rift setting [57,58]. Therefore, we suggest that
the Baluogenguole mafic dykes were derived from a continental rift setting.
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Figure 11. Plots of (a) Zr/Y vs. Zr (after [96]), (b) Ti/100-Zr-3Y (after [96]), (c) Hf/3-Th-Ta (after [97]),
and (d) Y/15-La/10-Nb/8 (after [98]) for the Early Permian Baluogenguole mafic dykes in western
ZWLB. In (a), WPB: within plate basalts; MORB: mid-ocean ridge basalt; IAB: island arc basalts; IAT:
island arc tholeiite.
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6.3.2. The Most Distant North Branch of the East Paleo-Tethys Ocean in the ZWLB

There are two main views on the tectonic-magmatic evolution process of the late
Paleozoic to Mesozoic in the ZWLB: one is that the ZWLB is a continental rift of the
Carboniferous Permian system [6,7,29], and the Herocyn-Indosinian magmatic rocks in the
eastern part of the ZWLB are the result of the northward subduction of the Paleo-Tethyan
Ocean [11]. Another view is that there is a narrow ocean basin in the ZWLB, which has
undergone a complete process of breakup, subduction, and collision [2,8,9,12,14].

The ZWLB is situated in the northern margin of the Qaidam Basin; Fu [8] proposed
that the ZWLB is an early Paleozoic to early Mesozoic composite orogen formed after the
closure of the Proto- to Paleo-Tethys oceans. Following the subduction—collision of the
Proto-Tethyan Ocean in the early Paleozoic, the Devonian tectonic setting of the ZWLB and
the northern margin of the Qaidam Basin is predominantly characterized by post-orogenic
extension [12,99,100] (Figure 12a). This extension process has resulted in hornblende
gabbro (416 £ 5 Ma, U-Pb age) in the Chahano area [101], A2-type granite (413 &+ 3 Ma,
U-Pb age) in the Wulan area [12], and the Maoniushan Formation molasse (409 Ma) [102].
These formations indicate that the ZWLB may have been initially rifted since the Early
Devonian. Subsequently, the occurrence of Middle and Late Devonian bimodal volcanic
rocks (369-396 Ma, U-Pb age) [103], mafic—ultramafic dykes in the Dulan and Xitieshan
area (360-392 Ma, U-Pb age) [104], and the occurrence of Lalongwa mafic dykes (LLW)
(393.5 + 3.0 Ma, “0Ar/3Ar age) [105] in the Kuhai-Saishitang Tectonic Belt, indicate
further extension and suggest that breakup is occurring between the southeast ZWLB
and the Animagqing Belt. The East Kunlun tectonic belt also exhibits numerous Devonian
extensional records, such as Xiarihamu mafic-ultramafic rocks (U-Pb age 431-411 Ma,
ref. [106]), Yugusayi hornblende gabbro (U-Pb age 405 Ma, ref. [107]), and Lalingzahuo
A2-type granite (U-Pb age 396 &£ 2 Ma, ref. [108]). These formations represent the initiation
of continental rifts at the onset of the Paleo-Tethyan Ocean.

South Qilian

Orogen —ANN

(a) Devonian

Extension Extension L

Medium- acid

intrusive rocks

Mafic-Ultramafic
intrusive rocks

(b) Carboniferous to early Permian
Anemaqgen Ocean

Figure 12. Schematic diagrams illustrating the formation process of the late Paleozoic Zongwu-
long narrow ocean. NMQO: northern margin of Qaidam Orogen; O-S: Ordovician to Silurian. The
Devonian tectonic setting of the ZWLB and the northern margin of the Qaidam Basin is predomi-
nantly characterized by post-orogenic extension (a); the Zongwulong narrow ocean formed in the
Carboniferous to early Permian, synchronously with the Anemagen Ocean (b).
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As extension continued, the oceanic crust of the Paleo-Tethyan Ocean began to de-
velop (Figure 12b). In the ZWLB, the 318 to 331 Ma Tianjunnanshan N-MORB ophiolitic
mélanges [2,8], consistent with the 303 to 353 Ma Buqgingshan N-MORB ophiolite mélanges
(BQS) in the East Kunlun Orogen, represent the late Paleozoic Anemaqgen Paleo-Tethyan
oceanic crust [109]. Additionally, 361 £ 4 Ma [103] to 369 + 1 Ma [5] Kuhai-Saishitang
ophiolitic mélanges in the Elashan tectonic belt also evolved synchronously with the Paleo-
Tethyan Ocean crust of the Anemaqgen region. This information suggests that the late
Paleozoic Zongwulong narrow ocean basin evolved synchronously with the Anemaqen
Paleo-Tethyan Ocean crust and was linked to the Anemagen Ocean by the Kuhai-Saishitang
ocean—continental transition area [1]. We consider that the Zongwulong narrow ocean may
be the most distant northern branch of the East Paleo-Tethys Ocean.

However, the Zongwulong narrow ocean only developed in the eastern part, while
there are no relevant records associated with the ocean in the western part. The mafic
dykes (U-Pb age, 289 &+ 1 Ma) in the Baluogenguole area of the western part exhibited
intraplate alkaline basalt, which indicates that the western part was still an intraplate
setting when the Tianjunnanshan oceanic crust developed in the eastern part. In fact, there
is a significant difference in the rock compositions between the eastern and western parts
of the ZWLB, with the Wahongshan Fault serving as the boundary. In the western ZWLB,
there are no late Paleozoic to early Mesozoic arc-type granitoids and ophiolites, or their
rock fragments. The Turgendaban Formation exhibits flysch sedimentary characteristics,
and the restricted Longwuhe Formation displays molasse unit features [44,45]. The detrital
zircon ages of the Triassic Longwuhe Formation in the Haitoutala area are almost blank
between 408 and 249 Ma, suggesting that the sediments of the Longwuhe Formation in the
western part do not contain magmatic records related to the closure of the late Paleozoic
Paleo-Tethys Ocean [45]. In the eastern ZWLB, the Longwuhe Formation is extensively
distributed and resembles the Longwuhe Formation of the West Qinling Orogen, showing
typical flysch clastic rock deposition. Ophiolites are present in the Tianjunnanshan area,
and late Paleozoic to early Mesozoic granitoids, associated with oceanic subduction and
continental collision, are widespread. The detrital zircon ages of the Zongwulong Group
in the Shengge area provide a complete record from 404 to 206 million years ago [110],
aligning well with the late Paleozoic to early Mesozoic granitoids linked to Paleo-Tethys
oceanic subduction and continental collision.

Therefore, we believe that the initial breakup of the ZWLB occurred in the Early
Devonian to Early Carboniferous, and the intra-continental breakup continued in the Late
Carboniferous—-Early Permian. The eastern ZWLB developed ophiolites with N-MORB
chemical characteristics similar to the Bugingshan—Anemagqen ophiolite, indicating that
the oceanic crust of the Paleo-Tethyan Ocean began to develop in the eastern part, possibly
linked to the Anemagen Paleo-Tethys Ocean by the Kuhai-Saishitang ocean—continental
transition area. At the same time, mafic dykes with intraplate setting characteristics
developed in the western ZWLB, representing a continental rift setting. The ZWLB likely
experienced a continental rift in the western part and a narrow oceanic environment in the
eastern part in the late Paleozoic.

7. Conclusions

1.  The zircon U-Pb dating of the newly discovered Baluogenguole mafic dykes yielded
ages of 289.3 = 1.2 Ma, and are interpreted as existing in the age of intrusion.

2. The Baluogenguole mafic dykes underwent negligible crustal contamination, and
experienced extensive fractional crystallization of olivine, clinopyroxene, and Fe-Ti
oxides but not of plagioclase. They were produced from the spinel-garnet transition
zone at depths of ~75 km, and garnet facies low-degree melting (5-10%).

3. The Baluogenguole mafic dykes were formed in a continental rift setting. Combined
with the regional geological data, the ZWLB likely experienced a continental rift in
the west and a narrow oceanic environment in the east, possibly making it the most
distant north branch of the East Paleo-Tethys Ocean.
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Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/min14050473/s1. Table S1: Whole-rock major (%) and trace element
(ppm) compositions of Baluogenguole mafic dykes in the ZWLB. Table S52: LA-ICM-MS zircon U-Pb
data of Baluogenguole mafic dykes in the ZWLB. Table S3: Whole-rock Sr-Nd isotopic compositions
of the Baluogenguole mafic dykes in the ZWLB. Table S4: LA-ICM-MS zircon Lu-Hf isotopic data of
Baluogenguole mafic dykes in the ZWLB.
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