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Abstract: The ophiolites in the Beishan Orogenic Belt provide important information about the
evolution of the Beishan Ocean in the Paleozoic Era. We studied ophiolite petrology, geochemistry
and isotopic chronology. The Shazouquan ophiolites consist of dunites, wehrlites, gabbros and
anorthosites. Ophiolitic mélange belts are composed of matrixes and blocks, and different rocks
are fault-bounded. Dunites and wehrlites are high in Mg#, Cr* and MgO, low in TiO,, relatively
depleted in large-ion lithophile elements (Ti and P) and enriched in high-strength elements (U, Zr
and Hf). They have a total REE of 1.25 x 1070-5.39 x 10~° and 6Eu of 1.12-3.54, which are similar
to those of SSZ-type ophiolites, indicating that their parent magma source region may be a weakly
depleted mantle source region. The anorthosite and gabbro are high in Al,03, MgO and Mg#, low in
TiO,, enriched in large-ion lithophile elements (Rb and Sr), and depleted in high-strength elements
(Nb, Ta and Ti), but enriched in Zr and Hf. They have similar geochemical signatures to those of arc
magmatic rocks. They are derived from the mantle peridotite formed against the tectonic background
of subduction and modified by the fluid materials in the subduction zone. We collected anorthosite
and gabbro, which were produced as ophiolite for U-Pb dating. The anorthosite yields a zircon U-Pb,
aged 394 £ 11 Ma (MSWD = 0.84), and a gabbro zircon U-Pb, aged 466 + 12 Ma (MSWD = 3.2),
indicating that the Shazouquan ophiolite was formed in the Middle Ordovician-Early Devonian eras.
Combining the above evidence, we conclude that the Beishan Ocean was in a subduction tectonic
background from the Middle Ordovician to Early Devonian periods.
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1. Introduction

The Beishan Orogenic Belt (BOB) is located on the southern margin of the Central
Asian Orogenic Belt (CAOB) (Figure 1a) and has undergone complex processes of subduc-
tion, collision and accretion orogeny [1-17]. Several ophiolite belts in the BOB provide
important geological records of the formation and evolution of the BOB, and are of great
significance for the study of the formation and evolution of the BOB and the Paleo-Asian
Ocean (PAO) [18-22]. Four different ophiolites have been identified in the BOB and they in-
clude the Hongshishan-Baiheshan-Pengboshan (I), Jijitaizi-Xiaohuangshan (II), Hongliuhe-
Niujuanzi-Xichangjing (III), and Huitongshan—-Zhangfangshan (IV) (Figure 1b). Among
them, the Hongliuhe-Niujuanzi—Xichangjing ophiolite and the Jijitaizi—-Xiaohuangshan
ophiolite were formed in the Early Paleozoic era [23-28], and the Hongshishan-Baiheshan—
Pengboshan ophiolite and the Huitongshan-Zhangfangshan ophiolite were formed in the
Late Paleozoic era [29-33]. Therefore, the Hongliuhe-Niujuanzi-Xichangjing ophiolite belt
constitutes a complex suture zone between the Tarim Block and the Kazakhstan United
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Block. However, scholars differ in their understanding of the age of formation and tec-
tonic setting of the Huitongshan-Zhangfangshan ophiolite. Li et al. [34] propose an Early
Paleozoic island arc tectonic setting. In contrast, Mao et al. [35] favor a Carboniferous—
Permian forearc tectonic setting. Conversely, Zhang et al. [25] suggest a Late Paleozoic
post-collisional rift tectonic setting. Yu et al. [36] suggest that the Huitongshan ophiolite
and the Zhangfangshan ophiolite may not be the same ophiolite belt, with formation ages
of 446.1 £ 3 Ma and 362.6 & 4 Ma, respectively. They conclude that the Huitongshan
ophiolite formed in an ocean basin margin rift environment, while the Zhangfangshan
ophiolite formed in a Late Paleozoic Red-Sea-type ocean basin environment.

Cretaceous

o

Geological
boundary

) : (a) J : Baiheshan (b)
Suture Zone Benioff Zone Xinjiang J Hongshisf\an Pengboshan
£3 E3 T 3 : 3 ke y /
7, = - PACIEIC . P i *, Inner Mongolia !
g - ijitaizi T :
T OCEAN | Haifgliuhe Niujuanzi ! L’ Xiaohuangshan
N ’ iyunshan I
., z \
N ;- ) B . = m
A5 Huitongshan 5 Xichangjing
i Piifid PR
IP7Z8) A28 ! “Shazouquan
i 7 b éq;. . 0 100 km Zhagg- q )
Y fangshan ’
i & s v/
P ", Sketch map of ophiolite in Beishan area, China
T T
—40°35’ 98° 30" 98° 45’
() i @)
128 o (@
K ShO
L 0 Yujingzi C,
L40° 30° Ps
Ki
Pty . o
0 3 §km : B; . ; e 40°25
98° 30" : : : 9° 00
Lower Upper Middle Upper N — Middle Archean-
Permian Permian Carboniferous Paleoproterozoic

Permian Permian Permian Carboniferous Carboniferous
granite diorite gabbro diorite granite

d e
Fault @ |Sample
boundary / a -

Figure 1. Simplified tectonic map showing the location of the Central Asia orogenic belt [10] (a); sketch
map showing the tectonic units of the Beishan orogenic belt [21] (b); simplified geological map of the
regions in Shazouquan [37] (c).

The Shazouquan Opbhiolite Belt is located about 130 km east of the Zhangfangshan
Ophiolite Belt. It lies on the same tectonic line as the Huitongshan Ophiolite Belt and the
Zhangfangshan Ophiolite Belt, which extend in an almost east-west direction. Identifying
the relationship between the Shazouquan Ophiolite Belt, the Huitongshan Ophiolite Belt
and the Zhangfangshan Ophiolite Belt is of great importance in studying the tectonic
pattern and evolutionary history of the BOB. During field investigations, we collected
a series of samples for use in further systematic petrological, geochemical, and isotopic
chronological studies on the peridotite, diorite and gabbro-diabase of the ophiolite. These
studies provided a basis for the further investigation of the Paleozoic tectonic evolution of
the BOB and CAOB.
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2. Geological Setting

The BOB is bounded by the South Mongolian Orogenic Belt to the north, the Tianshan
Orogenic Belt to the west, the Dunhuang Block to the south and the Badanjilin Desert to the
east. Archaean to Mesozoic strata are exposed in the Beishan area (Figure 1c). Archaean to
Paleoproterozoic strata are mainly a series of metamorphic rocks [38]. The Mesoproterozoic
to Cambrian strata are mainly a series of sedimentary formations, and the Ordovician—
Permian strata are mainly volcanic—sedimentary formations [39]. The intrusive rocks
in the Beishan area can be divided into four stages of magmatic intrusion: Precambrian,
Early Paleozoic-Middle/Late Paleozoic ocean-land evolutionary stage, Mid-Late Paleozoic
post-orogenic extension and continental rift valley stage, and Late Paleozoic-Mesozoic
intra-continental evolutionary stage. The intrusive with the largest exposed area is the
Late Paleozoic intrusive. The BOB is characterised as a thrust fold zone with multi-phase
complex tectonic superposition. The Shazouquan Ophiolite is located in the Shazouquan
area in the northern part of Jinta County, Gansu Province, and is linear in shape. Some
2 km long and only 100 m wide, the Shazouquan Ophiolite is surrounded by the Permian
Jinta Formation and intruded by Permian gabbro veins. The Jinta Formation is a sequence
of volcanic—sedimentary rock systems, consisting mainly of medium-acid and acid-basic
volcanic rocks. There is no direct contact between the Shazoquan Ophiolite and the Jinta
Formation due to the influence of overburden, which is speculated to be a form of tectonic
contact. The ophiolitic mélange belt is composed of matrix and blocks, and different rocks
are fault-bounded. The ophiolite rocks include brown—-green medium-fine dunite, grey—
black medium—fine peridotite, grey fine-grained gabbro and grey medium-fine plagioclase
(Figure 2), and different blocks of rocks are in fault contact.
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Figure 2. Cross-section of the ophiolitic tectonic mélange belt in the BOB (d). (a) Peridotite; (b) Gabbro;
(c) Anorthosite.
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3. Petrography

Dunite appears greyish-brown with medium-grained crystals that range from subhe-
dral to euhedral. It has the main minerals of olivine (91%), serpentine (7%), and pyroxene
(2%), as well as opaque minerals (4%). The olivine is subhedral to euhedral crystals, is
0.42-4.2 mm in size, and sees small amounts altered into serpentine via magnetite precipi-
tation. Pyroxene arrives in the form of subhedral crystals. They are short, columnar and
granular, 0.06-0.74 mm in size, and mainly fine-grained (Figure 3a).

The wehrlite appears greyish-black, with medium- to fine-grained crystals that are eu-
hedral. The main minerals are olivine (85-90%), serpentine (5-10%), clinopyroxene (2-5%)
and tremolite (0-1%). Olivine is expressed in subhedral to euhedral crystals, which are
0.26-4.1 mm in size. Some samples are secondarily turned into sheet chrysotile and residual
subhedral-euhedral crystals, and local alteration is completed to form a pseudostructure
with residual euhedral crystals. This process involves partly cutting through the lattice
using serpentine, with magnetite precipitation visible at the margins. Clinopyroxene is
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expressed in euhedral crystals, short columnar or grains that are 0.06-1.1 mm in size, with
some secondary alterations into fibrous serpentine. Some samples show opaque minerals,
mainly magnetite. (Figure 3b).

400 1 m

Figure 3. Microscopic images of the ophiolitic mélange. (a) Dunite orthogonal photomicrograph.
(b) Wehrlite orthogonal photomicrograph. (¢) Anorthosite orthogonal photomicrograph. (d) Gabbro
orthogonal photomicrograph. Ol = olivine; Serp = serpentine; Px = pyroxene; P = plagioclase.

The anorthosite appears to be light grey, with medium-to-fine-grained crystals that are
euhedral. The main minerals are plagioclase (90%), carbonate minerals (7%), clinopyroxene
(2%), and small amounts of zoisite and magnetite. The plagioclase is made of subhedral
crystals, which are 0.06—4.1 mm in size, and developed with polycrystalline doublets,
mainly labradorite. Carbonate minerals mainly occur as veinlets and alteration minerals.
The clinopyroxene is made of grains that are 0.04-0.24 mm in size. The samples have a
high content of alteration minerals with an uneven mineral distribution and show strong
tectonic deformation characteristics, with some alteration minerals distributed along the
veins, which are dominated by carbonation, silicification, zoisite, etc. (Figure 3c).

The gabbro appears to be greyish-green, with medium-to-fine-grained gabbroic struc-
ture. The main minerals are plagioclase (55-65%) and pyroxene (35-45%). The plagioclase
is composed of subhedral crystals, which are 0.06-2.35 mm in size, mainly oligoclase. The
pyroxene is composed of subhedral columnar crystals, which are 0.2-2 mm in size, mainly
clinopyroxene. There are veinlets of carbonate veins and chlorite with local silicification in
the samples, which are all characteristics of a secondary alteration (Figure 3d).

4. Isotope Chronology

In this study, anorthosite and gabbro samples were collected from Shazouquan Ophio-
lite for zircon U-Pb dating. Samples were crushed to a mesh size of 80-100 and separated
via conventional heavy liquid and electromagnetic separation after cleaning. Zircons were
selected by hand under a binocular microscope. Those with a good crystal shape and
high transparency without inclusions or cracks were selected for analysis. The selected
zircons were embedded in epoxy resin and polished to expose their interior. Transmitted
and reflected light microscopy and cathodoluminescence (CL) helped to reveal the internal
structure of the zircons to help select the optimal site for laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS).

The zircon CL and laser ablation plasma mass spectrometry (LA-ICP-MS) zircon
micro-area U-Pb dating was completed in the Test Center of Xi’an Geological Survey Center,
China Geological Survey. The experiment was carried out online using Agilent 7500 ICP-
MS, a ComPex 102 ArF excimer laser (working material ArF, wavelength 193 nm) from
Lambda Physik, Germany, and a GeoLas 200M optical system from Micro Las. The laser
beam spot diameter was 30 um. The depth of the exfoliated sample was 20—40 M. In the
experiment, He was used as the carrier gas for the erosion material, and the instrument
was optimized using the artificially synthesized silicate glass standard reference material
NIST SRM 610 developed by the National Institute of Standards and Technology of the
United States. The sampling method involved single point erosion, and the data collection
adopted a skip peak method of one quality peak and one point. We added a standard
sample (standard zircon 91500) for every 6 measurement points completed. The NIST
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SRM 610 was measured twice before and after analysing 12 points of the measured zircon.
The zircon age was determined using the standard zircon 91,500 as the external standard
reference material, and the ordinary lead was corrected using Andersen’s 3D coordinate
method. The element content adopted NIST SRM 610 as the external standard and 29Si as
the internal standard. The test results were calculated using GLITER (ver 4.0) software [40],
and the age calculation and harmonic plot were completed using Isoplot (ver 3.0) [41]. The
detailed analysis steps and data-processing methods can be found in the references [42],
and the analysis results can be found in Table S1.

The zircons of anorthosite and gabbro are mostly euhedral-subhedral equigranular, or
short columnar, and the grain size is mostly 50-120 um. The CL image (Figure 4) shows
that the zircons often have complex internal structures. According to the differences in the
internal structure of the zircons, they can be divided into four types: The first category is
made of zircons with wide oscillatory zones, which are crystallized under high-temperature
conditions, such as points 4, 6,7, 11, and 19 in the anorthosite samples (BS01) and points
9,11, and 13 in the gabbro samples (BS07). The second type is the formation of narrow
oscillatory zones at the edges of the zircon, such as points 5, 8-10, 12, 18, and 20 in the BS01
sample and 1-5, 8, 10, 12-16, 19, 22, and 23 in the BS07 sample. The third type is zircon
without obvious oscillatory zones, such as points 1-3, 13, 14, 22, and 23 of the BS01 sample
and points 7, 17, 18, 20, and 21 of the BS07 sample. The fourth type is zircon with clear
surface zones, such as point 15 of the BS01 sample and points 6 and 9 of the BS07 sample.
As shown in Table S1, the Th/U ratios of the two samples range from 0.25 to 1.34. indicating
that the zircon is predominantly magmatic zircon (the Th/U ratio of metamorphic zircon is
generally <0.1) [43-45].

The youngest zircon ages in the anorthosite samples (BS01) are 282 + 3.75 Ma and
280.1 £ 3.45 Ma (the same zircon). The zircon has no oscillatory zones and appears in a
clear, cloud-like form [43—45]. In addition, a metamorphic event occurred in about 280 Ma
in the Eastern Tianshan Orogenic Belt and the BOB, so we can speculate that this was a
metamorphic age. A number of large-scale ductile shear zones, such as the northern margin
of Central Tianshan-Beishan, the southern margin of Central Tianshan, the northern part
of Kuruktag and Xingdi, and arcentLe developed in the Tianshan—Beishan orogenic belt,
with the Late Carboniferous—Early Permian (298-277 Ma) period being one of the main
periods of activity [46]. The other recent group ranges from 382 to 403.5 Ma, and the zircons
are euhedral-subhedral with clear oscillatory zones, indicating a magmatic origin [44,45].
The weighted mean age is 394 + 11 Ma (MSWD = 0.84) (Figure 5a), representing the
crystallization of the anorthosite. The remainders are all captured zircons with a wide
range of ages from 503.9 to 2533.7 Ma; this is consistent with the fluid metasomatism
characteristics of the subduction zone, as reflected in the geochemical characteristics of
anorthosite. The youngest age of the gabbro sample (BS07) is 442.3-504.8 Ma, and the
zircons are euhedral-subhedral with clear oscillatory zones, which are magmatic zircons.
The weighted mean age is 466 + 12 Ma (MSWD = 3.2) (Figure 5b), representing the
crystallization of gabbro. The remainders are trapped zircons with ages ranging from
1686.8 to 2534.8 Ma; this is consistent with the fluid metasomatism characteristics of the
subduction zone, as reflected in the geochemical characteristics of gabbro.
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Figure 4. Zircon CL images of Shazouquan mafic rocks in the BOB. (a) CL images of anorthosite

zircon (sample BS01). (b) CL images of gabbro zircon (sample BS07).
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Figure 5. Concordance and weighted mean age plots (a,b) of LA-ICP-MS zircon U-Pb ages for
Shazouquan mafic rocks in the BOB. (a) Anorthosite (BS01). (b) Gabbro (BS07).

5. Geochemistry

In this study, we collected twenty-nine fresh rock samples for geochemical analysis,
including five dunite, twelve wehrlite, six anorthosite, and six gabbro ones. Elemental
geochemical analysis was carried out in the Key Laboratory of Magmatism Mineralisation
and Prospecting, Natural Resources Department, Xi’an Geological Survey Center, China
Geological Survey. Major elements were determined using a PW4400 X-ray fluorescence
spectrometer (XRF) from the Panalytical Company, and the analytical error was less than
5%; trace elements and rare earth elements were determined via ThermoFisher X-series
II Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and the relative standard
deviation was better than 5%. The analytical data are presented in Table S2. The loss on
ignition (LOI) values of ultramafic rock, anorthosite, and gabbro range from 9.55 wt.%
to 12.38 wt.%, 4.51 wt.% to 7.91 wt.%, and 16.21 wt.% to 16.54 wt.%, respectively. This
indicates that the rock samples underwent severe alterations, which is consistent with the
thin section observations. The oxide content of the ultramafic rocks and anorthosite were
recalculated after deducting the normalized loss on ignition, and the major elements of
gabbro were not analysed (Table 52).

5.1. Ultramafic Rocks

The SiO; contents of the dunite and wehrlite samples range from 39.92 wt.% to
41.79 wt.%, and the MgO contents range from 36.41 wt.% to 42.37 wt.%. The Mg" values
range from 84.17 to 86.51, and the TiO; contents range from 0.03 wt.% to 0.14 wt.%, with
low amounts of titanium, potassium, and sodium, and a high amount of magnesium,
which approximately represents the TiO, content of mantle peridites in the subduction
zone [47]. Therefore, these ultramafic rocks may have been derived from the upper mantle
beneath the subduction zone. In the CaO-MgO-Al,O3 diagram of the ophiolite (Figure 6),
most of the samples fall within the mafic cumulate range, and individual samples fall
between the ultramafic cumulate and metamorphic wehrlite, which is consistent with the
petrographic characteristics.

The REE contents of dunite and wehrlite range from 1.25 to 5.39 ppm, with a very low
total REE. Among them, five samples of dunite have ~REE less than 2 ppm, which is lower
than that of chondrite (3.29 ppm). The normalized REE distribution curve of the original
mantle [48] shows the characteristics of a nearly flat “U” curve (Figure 7a), which is similar
to the mantle peridotite of the SSZ-type ophiolite [49,50]. LREE/HREE = 1.95-5.36, and
6Bu = 1.12-3.54, and there are possible trace amounts of feldspar. The Cr contents range
from 1350 to 2790 ppm, the Ni contents ranges from 879 to 1620 ppm, and Cr and Ni are
highly enriched, which is similar to the geochemical composition of ultramafic rocks in
typical ophiolites. The Cr and Ni contents are positively correlated with the MgO content
(Figure 8), which contrasts with most of the Alpine ultramafic rocks in the world [51,52].
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The standardized trace element discrimination diagram of the primitive mantle (Figure 7b)
shows characteristic high left and low right curves. Sr, Rb, Ba, and other elements in sample
20BS04 are depleted, probably due to the migration of mobile elements via metamorphism,
which is consistent with the petrographic characteristics.
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< BSI13
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Figure 6. Plots of GaO-MgO-Al,Oj3 in Shazouquan ultramafic rocks in the BOB. MAR for average
composition of oceanic ridge basalt [53].
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Figure 7. (a) Chondrite-normalized REE patterns. (b) Primitive mantle-normalized incompatible
element distribution patterns for Shazouquan ultramafic rocks in the BOB (chondrite data and
primitive mantle data for normalization taken from Sun et al. [54]).

5.2. Basic Rock

The anorthosite is characterised by low contents of SiO; (43.49 wt.%—45.42 wt.%) and
TiO; (0.06 wt.%—-0.14 wt.%), and the K, O contents range from 0.11 wt.% to 0.38 wt.%, which
is lower than the average values of oceanic ridge basalt and alkaline basalt (TiO; = 2.75 wt.%,
K70 = 3.2 wt.%). The NayO contents range from 2 wt.% to 3.07 wt.%, which is higher than
the average content of MORB (0.14 wt.%). The Al;O3 contents range from 27.31 wt.% to
31.73 wt.%, the MgO contents from 36.41 wt.% to 42.37 wt.%, and the Mg" values range
from 79.01 to 84.14, which are significantly higher than the initial magma Mg values
(68-75) [55]. The basement rocks are characterised by high Al,03, MgO, and Mg* values
and a low TiO, value. The samples are affected by late alterations; therefore, immobile
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elements (Zr, Ti, NDb, Y, etc.) are used for rock type discrimination and genetic studies. In
the Zr/TiO,-Nb/Y diagram (Figure 10), 20BS13 falls into or near the subalkaline basalt
zone, and 20BS01 falls into the calc—alkaline basalt series.

The REE contents of the basic rocks (gabbro and anorthosite) range from 3.43 to
11.92 ppm, which are much lower than the corresponding value of normal oceanic ridge
basalt (39.11 ppm) [54], LREE/HREE = 1.85-2.65, dEu = 2.39-5.6, and the standardized
curve of chondrites is right-leaning (Figure 9a), with an LREE that is slightly higher, but it
flattens after Eu. The shape of the curve is significantly different from that of the N-MORB
type, and the JEu positive anomaly is consistent with the characteristics of the cumulate
(in Figure 7, anorthosite falls into the mafic cumulate range). The Zr/Hf ratio ranges from
23.36 to 42.3, which is close to that of the OIB (35.9) and primitive mantle (36.27) and
much higher than that of the continental crust. The trace element spider discrimination
diagram (Figure 9b) shows that gabbro and anorthosite have similar distributions and are
obviously different from N-MORB. Overall, it is characterised by the enrichment of large
ion lithophile elements, such as Rb and Sr, the depletion of high-field-strength elements,
such as Nb, Ta, and Ti, and the depletion of Zr and Hf, which should be related to fluid
metasomatism in the subduction zone at different levels in the later stage.
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6. Discussion
6.1. Petrogenesis

The geochemical characteristics of wehrlites and dunites in the Shazouquan Ophio-
lites show that these rocks are characterised by high Mg (84.17 to 86.51) Cr* contents
(48.79-83.52), a low TiO; content (0.03 wt.% to 0.14 wt.%), and a rich MgO content
(36.41 wt.% to 42.37 wt.%), and their TiO, contents are roughly equivalent to those of
mantle peridotites in the subduction zone [47], indicating that the ultramafic rocks may
have originated from the upper mantle below the subduction zone and have strong resid-
ual characteristics of the depleted mantle. The relatively high Mg* values also reflect
the relatively high degree of mantle depletion and partial melting [48,56,57]. The MgO
contents of the rocks are much higher than those of the original mantle, indicating that the
olivine contents in dunites and wehrlites are much higher than those of the original mantle
and have undergone a relatively high degree of mantle depletion or partial melting. In
addition, the contents of major elements, such as SiO», FeOT, CaO, Al;O3, and MnO, show
a strong negative correlation with the contents of MgO, also reflecting the different degrees
of partial melting of the rocks. On the primitive mantle-normalized trace-element spider
diagram, the high-field-strength elements (HFSE, Zr, and Hf) are relatively enriched, and
the large-ion lithophile elements (LILE, Ti, and P) are relatively depleted, suggesting that
they may have originated from the weakly depleted mantle source area and are subject to
different degrees of metasomatism from subduction fluids [58]. The significant enrichment
of the U element also points to the role of crustal-derived fluids in the subduction zone.
The characteristics of the primitive mantle-normalized REE distribution curve are similar to
those of the mantle peridotites of the SSZ-type ophiolites, while the relative enrichment of
LREEs may be modified by the subducted slab-derived fluid [59]. The significantly different
REE abundances of wehrlites and dunites may reflect not only early mantle metasomatism,
but on the influence of subducting oceanic crustal fluids on the rocks.

The Nb/Yb ratios of anorthosite in the Shazouquan Ophiolite range from 0.84 to
3.28 (with only two values of 5.43 and 7.17), which are similar to those of the gabbro
(Nb/Yb =1.59-2.2), indicating that they have a similar mantle source area. The Th/Ta
ratios of anorthosite and gabbro range from 1.48 to 6.82, which are similar to those of
SSZ-type ophiolite (Th/Ta = 3-5) [60]. The Zr/Nb ratios range from 5.7 to 31.3 (mean 16.5,
except for one value > 30), which are significantly different from those of N-MORB [61].
The anorthosite and gabbro are also characterised by variable Th (0.02-0.17 ppm < 0.7 ppm)
and Nb contents (0.09-1.97 ppm < 12 ppm), and Nb/La (0.19-1 < 1), Hf /Ta (1.5-4.5 < 5),
and La/Ta values (10.4-29.5 < 15), which are different from those of N-MORB basalts [62].
The above characteristics are consistent with those shown in the REE distribution curve
and trace-element spider diagram.

The anorthosite and gabbro are characterised by the enrichment of LILEs (e.g., Rb and
Sr), the depletion of HFSE (e.g., Nb, Ta, and Ti), and a deficiency in Zr and Hf elements,
which are also characteristics of arc magmas; these are consistent with the characteristics
shown in the REE distribution curve and trace element spider diagram. The comprehensive
analysis shows that gabbro and anorthosite are derived from mantle peridotite formed in
the suprasubduction tectonic environment and have been altered by subduction zone fluids.

6.2. Tectonic Setting and Geological Significance

An ophiolite is a mafic-ultramafic rock assemblage that can be contrasted with
the modern oceanic lithosphere and is widely used in the study of plate tectonic sys-
tems [50,52,63-66]. The classification scheme of mid-ocean ridge (MOR)-type ophiolites
and subduction zone (SSZ)-type ophiolites proposed by Pearce et al. [50] is widely accepted.
Dilek and Furnes [67] proposed a new definition of ophiolites, emphasizing the different
nature of ophiolite formations at each stage of the Wilson cycle, and dividing ophiolites into
subduction-unrelated and subduction-related ones according to their genesis environment.
Based on the geochemical, petrographic and internal structural characteristics of ophio-
lites, the subduction-independent ophiolites can be further subdivided into continental
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margin (CM), mid-ocean ridge (MOR) and mantle plume (P) ophiolites, and subduction-
related ophiolites can be divided into supra-subduction zone (SSZ)-type and volcanic arc
(VA)-type ones, while the SSZ type can be divided into four subtypes, including back-
arc-to-fore-arc (BA-FA), fore-arc (FA), oceanic back-arc (OBA), and continental back-arc
(CBA) ones. Among these, SSZ-type ophiolites are currently the most widespread ophiolite
types [50,67,68].

The mantle peridotites in the MORB ophiolites are predominantly lherzolite and
harzburgite [50], and the by-mineral spinel has a Cr* value below 0.6 [52,69]. The mantle
peridotite in the Shazouquan Ophiolite consists mainly of wehrlite and dunite, no lherzolite
was found, and the rock is characterised by high Mg# and Cr* contents. The characteristics
of the primitive mantle-normalized REE distribution curve are similar to those of the
mantle peridotites of SSZ-type ophiolites. The trace element geochemistry of anorthosite
and gabbro also shows the characteristics of SSZ-type ophiolites. In the Nb/Yb vs. Th/Yb
and Nb/Yb vs. TiO,/Yb discrimination diagrams (Figure 10), the sample points are
relatively scattered, which is possibly related to the subduction oceanic crustal fluids. In
the Nb x 2-Zr/4-Y, TiO,.MnO x 10-P,O5 x 10 and Hf/3-Th-Nb/16 diagrams (Figure 11),
most of the samples are plotted in the island arc alkaline basalt region.

10F

BS13
+ BSO1 (b)
& BS07

TiO2/Yb

0.01 ! Lol ! o1l Loy 0.1 ! L1l 11l [ A ]
0.1 1 10 100 0.1 1 10 100
Nb/Yb Nb/Yb

Figure 10. Plots of Nb/Yb-Th/Yb (a) and Nb/Yb-TiO,/Yb (b) in Shazouquan mafic rocks in the
BOB [54]. MORB stands for mid-ocean ridge basalts; N-MORB stands for normal MORB; E-MORB
stands for enriched MORB; OIB stands for ocean island basalts.
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Nbx2(ppm) TiO, Hf/3(ppm)

Zr/4(ppm) Y MnOx10 P205x10 Th(ppm) Nb/16(ppm)

Figure 11. Plots of Shazouquan anorthosite and gabbro Nb x 2-Zr/4-Y (a) [70], TiO,-MnO x 10-
P,0s5 x 10 (b) [71], and Hf/3-Th-Nb/16 (c) [72] in the BOB. Nb x 2-Zr/4-Y diagram: Al stands for
within-plate alkaline basalts, AIl stands for within-plate alkaline basalts and within-plate tholeiitic,
B stands for E-MORB, C stands for within-plate tholeiitic and volcanic-arc basalts, and D stands
for depleted MORB and volcanic-arc basalts. TiO,-MnO x 10-P,O5 x 10 diagram: OIT stands for
ocean island tholeiitic, MORB stands for mid-ocean ridge basalts, IAT stands for island-arc tholeiitic,
OIA stands for ocean island alkaline, and CAB stands for calc-alkaline basalts. Hf/3-Th-Nb/16
diagram: A stands for depleted MORB, B stands for E-MORB and within-plate tholeiitic, C stands for
within-plate tholeiitic, and D stands for volcanic-arc basalts.

The Hongliuhe-Niuquanzi—Xichangjing ophiolite mélange belt is related to the South
Tianshan Suture Zone, which is a suture zone between the Tarim block and the Kazakhstan
block [3,11,23-28,73-79]. There are various views on the timing of the closure of the
Southern Ocean, including the Late Devonian [73,74], Early Carboniferous [75-79], Early—
Middle Carboniferous [80-82], Late Carboniferous [83-87], Late Carboniferous to Early
Permian [88], and Late Permian to Middle Triassic [87,89,90]. In the Beishan area, the Late
Devonian Dundunshan Formation, which contains intraplate basalt, unconformity overlies
the molasse of the Middle Devonian Sangejing Formation (Figure 12), which is regarded
as a sign of ocean—continent conversion in the process of the Beishan—Paleozoic ocean
basin [91], while the Ordovician—-Devonian period has a tectonic background composed
of subduction—collision. Therefore, from the perspective of regional tectonic evolution,
the formation of the Shazouquan Ophiolite should be related to the geotectonic setting
of the island arc. Although there is no Ordovician—Devonian granite exposed around
the study area, Ordovician and Devonian island arc volcanics are exposed in the western
area of Huitongshan. The lithological combination is composed of diorite, quartz diorite,
monzogranite, and syenogranite, which are island arc igneous rocks that are compatible
ophiolite [11,92].
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Figure 12. The geological section of Dundunshan formation and Sangejing formation in the BOB.
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From the characteristics of the surrounding rocks, there is a Meso-archean-to-
Paleoproterozoic Dunhuang Complex crystalline basement, Changchengian Gudongjing
Group, and Meso-proterozoix Pingtoushan Formation metamorphic basement around
the Shazouquan Ophiolite [11,93], which should belong to the subduction accretionary
complex formed during the northward subduction of the Beishan Ocean, and its tectonic
position is south of the Niuquanzi-Xichangjing main suture zone. Therefore, it should be a
fore-arc ophiolite of the subduction zone hanging wall (55Z) associated with subduction.

The Shazouquan Ophiolite is located to the east of the Huitongshan-Zhangfangshan
ophiolite belt, with diagenetic ages of 466 &= 12 Ma and 394 £ 11 Ma, respectively. Anorthosite
formed during the last stage of gabbro crystallization differentiation, and formed later than
the ophiolite. The formation age of the Huitongshan ophiolite is between 466 4= 12 Ma and
394 £ 11 Ma, which means that it may belong to the same ophiolite tectonic mélange belt,
and subduction lasted from the Middle Ordovician to the Early Devonian periods.

During ocean subduction, the fore-arc environment expands the oceanic floor, and the
subduction plate is dehydrated, causing the mantle wedge to become hydrated. The weakly
depleted mantle upwelling transfers heat to the overlying mantle wedge through the slab
window, the temperature of the overlying mantle wedge rises, and partial melting occurs,
and the mantle and overlying mantle wedge undergo magma mixing and contamination.
Finally, Shazuoquan ophiolite with SSZ ophiolite characteristics is formed in the fore-arc
environment above the intra-oceanic subduction zone.

7. Conclusions

1.  SSZ-type ophiolite is exposed in the Shazouquan area of the BOB. Shazouquan Ophi-
olites consist of dunites, wehrlites, gabbros, and anorthosites and have the typical
characteristics of an ophiolitic mélange belt. The zircon U-Pb age of gabbro in the
ophiolite is 466 £ 12 Ma (MSWD = 3.2), and the zircon U-Pb age of anorthosite is
394 £ 11 Ma (MSWD=0.84). The ophiolite was dated to a period from the Middle
Ordovician to Early Devonian.

2. The webhrlite and dunite in the Shazouquan Ophiolite are characterised by high Mg*
and Cr*, low TiO,, and rich MgO contents, which may be derived from the weakly
depleted mantle source area and due to varying degrees of metasomatism from
subduction zone fluids.

3. The anorthosite and gabbro in the Shazuoquan ophiolite are rich in Rb, St, and other
LILEs, depleted in Nb, Ta, Ti, and other high field strength elements, and lacking in
Zr and Hf elements. They are derived from the mantle peridotite formed under the
tectonic background of subduction and have been modified by the fluid materials in
the subduction zone.

4. Shazouquan Ophiolites may belong to the same ophiolitic mélange belt as Huitong-
shan ophiolites. The Beishan oceanic basin was located in a subduction tectonic
setting during the Ordovician-Middle Devonian period, suggesting that the Beishan
Ocean may have evolved as a trench arc basin system caused by plate subduction
and subduction.

Supplementary Materials: The following supporting information can be downloaded from: https:
/ /www.mdpi.com/article/10.3390/min13081067/s1, Table S1: Zircon LA-ICP-MS U-Pb data of
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Shazouquan area, Beishan, China.
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