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Abstract: Oceanic plateaus with high—-Mg rocks in the present-day oceanic crust
have attracted much attention for their proposed mantle-plume origins and
abnormally high mantle potential temperatures (T,). However, equivalent rocks in
ancient oceanic environments are usually poorly preserved because of deformation
and metamorphism. Here we present petrological, geochronological and
geochemical data for pillow lavas from Cambrian ophiolites in the Lajishan and
Yongjing regions of the South Qilian Accretionary Belt (SQAB), from the southern
part of the Qilian Orogen, northern China. Three rock groups can be identified
geochemically: (1) sub-alkaline basalts with enriched mid- ocean ridge basalt
(E-MORB) affinity; (2) alkaline basalts with oceanic island basalt (OIB) features,
probably derived from partial melting of an enriched mantle source; and (3) picrites
with MgO (18-22 wt. %). Cr-numbers [Cr*=Cr/(Cr+Al)] of spinels from the picrites
suggest 18-21% degree of partial melting at the estimated mantle potential
temperature (T,) of 1489-1600°C, equivalent to values of Cenozoic Hawaiian
picrites (1500-1600°C). Zircons from one gabbro sample yielded a U-Pb Concordia
age of 525 + 3 Ma, suggesting the oceanic crust formed in the Cambrian. Available
evidence suggests that Cambrian mantle plume activity is preserved in the South
Qilian Accretionary Belt, and influenced the regional tectonics: “jamming” of the
trench by thick oceanic crust explains the emplacement and preservation of the
oceanic plateau, and gave rise to the generation of concomitant Ordovician

inner-oceanic island arc basalts via re-organisation of the subduction zones in the



region.
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1. Introduction

Most volcanism in ocean basins occurs at plate boundaries: mid-ocean ridges and
subduction zones. In contrast, the rocks of oceanic plateaus, oceanic islands and
seamounts are different from the plate margin magmatism in composition (e.g., Kerr
et al., 1996a,b). Although these intraplate igneous rocks only represent <1% of all
igneous rocks on Earth, great emphasis has been placed on them because they
provide insights into mantle composition, magma formation processes and magma
evolution (Greenough et al., 2005). Oceanic plateaus represent an enormous transfer
of magma from the mantle to crust, mostly as submarine large igneous provinces
(LIPs) (>100,000km?) ( Eldholm, 1994; Condie, 2001). Most of the oceanic plateaus
formed in a span of a few million years, suggesting immense volcanic eruptions with
global impact related to continental break-up (Coffin and Eldholm, 1992; Kerr and
Mahoney, 2007). The origin of oceanic islands has been debated throughout the
development of plate tectonic theory, but the most popular opinion is still “hot spot”

or mantle plume, which is consistent with the geochemical features of oceanic island



volcanic rocks (Hofmann and White, 1982; Morgan, 1971).

Since the term “komatiite” was first introduced to describe the spinifex-textured
MgO-rich lavas in the Barberton area, South Africa (Viljoen and Viljoen, 1969), it
has attracted considerable interest in the geochemical community. High-Mg lavas
without a spinifex texture are known as picrites, and the occurrence of both
komatiites and picrites in post-Archean times indicate a hotter than normal mantle
origin (mantle potential temperature, T, ~1450-1600°C), and thus a higher degree of
melting is needed for their formation (e.g., Kerr et al., 1996a,b; Arndt et al., 1997;
Shimizu et al., 2001). Their origin has a close affinity with the activity of mantle
plumes (Herzberg and Hara, 2002; Herzberg et al., 2007; Herzberg and Asimow,
2015). Picrites and komatiites (e.g., Le Bas, 2000; Kerr and Arndt, 2001), are
relatively rare in Earth history and generally are associated with LIPs caused by the
melting of large hot plumes from the deep mantle (e.g., Campbell and Griffiths,
1990; Richards et al., 1989; Kerr et al., 1996b).

In this paper, we present detailed petrological and geochemical data of the
volcanic rocks from the Lajishan and Yongjing ophiolites (LY Q) of the South Qilian
Accretionary Belt (SQAB), Qilian Orogen. We have determined that the LYO
sequences are products of a fragmented ocean plateau generated in the Cambrian
(~525 Ma), and provide the first evidence for the activity of a mantle plume
preserved in northwestern China at this time. In addition, we propose an

accretionary mechanism by “trench jam” of plateau rocks in the subduction zone.



2. Regional geology

The Qilian orogenic belt, presently exposed at the northern margin of the
Qinghai-Tibetan Plateau, northwestern China is part of the Qinling-Qilian-Kunlun
Fold System (e.g., Jiang, 2000). It is situated at a triple junction between the North
China Craton (NCC), the Yangtze Craton (YC) and the Tarim Craton (TC) in the
northwest (Fig. 1).

The whole Qilian-Qaidam region consists of two oceanic accretionary belts and
one continental-type ultra-high pressure metamorphic (UHPM) belt, juxtaposed with
two Precambrian blocks, from north to south, (1) the North Qilian Accretionary Belt,
(2) the Central Qilian Block, (3) the South Qilian Accretionary Belt, (4) the Quanji
Block and (5) the North Qaidam UHPM Belt (Fig. 1).

The North Qilian Accretionary Belt (NQAB) extends for ~1000 km
northwest-southeast, and is offset by the sinistral, active, strike slip Altyn Tagh Fault
for up to 400 km (Zhang et al., 2001). In the northeast, the Alashan block is bounded
by the Longshoushan Fault (LF), and considered to be the westernmost component
of the NCC (Zhang et al., 2013; Zhao and Cawood, 2012). The Central Qilian block
in the south is bounded to its northeast by the North Margin Fault (NMF) and has a
Precambrian basement, which has affinities with the Yangtze block. (Song et al.,
2010a, 2012, 2013; Tung et al., 2007, 2013; Wan et al., 2001). The North Qaidam
UHPM belt represents a continent-continental collision zone along the northern

margin of the Qaidam Basin (Song et al., 2014).



The North Qilian Accretionary Belt records globally one of the earliest “cold”
oceanic subduction zones, in response to the closure of the ancient Qilian Ocean
between the Alashan and Qilian-Qaidam blocks during the Early Paleozoic (Wu et
al., 1993; Song et al., 2006, 2007, 2009, 2013; Zhang et al., 2007; Yin et al., 2007,
Xiao et al., 2009). It consists of Precambrian basement, Early Paleozoic
subduction-related rock associations (ophiolite complexes, high-pressure/
low-temperature metamorphic rocks, arc-related volcanic and intrusive rocks),
Silurian flysch and Devonian molasses formations, and later sedimentary cover
(Song et al., 2013). The Qilian Block is a thrust belt of slices of Precambrian
basement, overlain by Paleozoic sedimentary sequences. The basement consists of
granitic gneiss, marble, amphibolite and minor granulite with ages of 880-940Ma
(Tung et al., 2007; Wan et al., 2001), similar to ages of the granitic gneisses in the
North Qaidam UHPM Belt (Song et al., 2012).

The South Qilian Accretionary Belt (SQAB) occurs as discontinuous fault-bound
slivers along a NW-SE orientation between the Central Qilian and Quanji blocks, in
parallel to the North Qilian Accretionary Belt (Fig. 1). From NW to SE, this belt
consists of the Yanchiwan Terrane, the Gangcha Terrane, the Lajishan Terrane and
the Yongjing Terrane, in total around 1000 km in length (Fig. 1). The accretionary
belt is composed of two sequences: the ophiolite sequence and the arc-volcanic
sequence; no high-pressure metamorphic rocks have been found in these areas. The

arc-volcanic sequence consists of mafic to intermediate volcanic rocks of



Ordovician age (460-440 Ma), in which forearc boninite has also been reported
(Yang et al., 2002; Song et al., unpublished data), Compositions suggest that they
formed in an intra-oceanic arc environment; boninites have also been reported in this
belt, interpreted as having a forearc origin (Yang et al., 2002). Most of the ophiolite
rocks crop out in the north relative to the arc sequence (Fig. 1), and they consist of
ultramafic rocks (pyroxenite and dunite), gabbros, massive and pillow basalts and

pelagic chert.

3. Rock assemblages and petrography

The Lajishan Ophiolite occurs as a narrow terrane occupying an area of ~150x75
km?, between the two thrust faults of the NW-SE orientation. To its south are the
Ordovician arc-volcanic sequences. The ophiolite is composed of voluminous mafic
volcanic rocks (pillow and massive lavas/dykes) associated with minor pelagic
sedimentary rocks such as the red radiolarian chert (Figs. 2a and 2b). Mafic to
ultramafic rocks from the basal part of the ophiolite suite are sporadically scattered
within the terrane, including serpentinised mantle harzburgite, cumulate peridotite
and pyroxenite. Basaltic rocks occur mainly as pillow basalts that have been
interpreted as thin submarine flows

The Yongjing Ophiolite mainly consists of massive and pillow basalts and two
small serpentinised ultramafic bodies. The massive basalts have a green colour and

occur as thick layered lavas without columnar jointing, which probably represent the



thick lava flows of fast eruption (Aitken and Echeverria, 1984). Some outcrops look
like sheeted dykes with nested chilledmargins (Fig. 2c). The pillow basalts have a
dark-green colour, and overlap onto the massive basalts (Fig. 2d); some pillows are
slightly deformed (Fig. 2e).

Picrites in the Yongjing Ophiolite are dark-coloured lavas with pillowed structure
(Figs. 2f and 2g), except for the massive sample 13QLS-137. They have experienced
ocean floor alteration with the development of the typical mineral assemblage of
low-grade greenschist facies conditions. All the olivines have been altered to chlorite
or serpentinite (Fig. 3a, b), and pyroxene has altered to tremolite (Fig. 3a).
Subalkaline basalts possess conspicuous ophitic textures with plagioclase serving as
the frame and clinopyroxene filling into the gaps in between (Fig. 3c). Flow
structure occurs in some alkaline basalts (Fig. 3d). Some rocks with high-Cr

composition also contain chrome spinels (Fig. 3a, d).

4. Analytical methods and results
4.1 Analytical methods

4.1.1 Bulk rock major and trace element analysis

Bulk-rock major element oxides (SiO,, TiO,, Al,O3;, FeO, MnO, MgO, CaO,
Na,O, K0, and P,03) were determined using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) at China University of Geosciences, Beijing

(CUGB). The analytical precisions (1o) for most major elements based on rock



standards AGV-2 (US Geological Survey), GSR-1, GSR-3 and GSR-5 (National
geological standard reference materials of China) are better than 1% with the
exception of TiO; (~1.5%) and P,Os (~2.0%). Loss on ignition (LOI) was
determined by placing 1g of samples in the furnace at 1000°C for several hours
before being cooled in a desiccator and reweighed (Song et al., 2010b).

The trace element analysis for Lajishan basaltic samples were performed on an
Agilent-7500a inductively coupled plasma mass spectrometer (ICP-MS) in the
Institute of Earth Science of CUGB. About 40mg of sample powder was dissolved in
equal mixture of sub-boiling distilled HNO3; and HF with a Teflon digesting vessel
on a hot-plate at 185 ‘C for 48 hours using high-pressure bombs for
digestion/dissolution. The samples were then evaporated to incipient dryness,
refluxed with 6N HNOg3, and heated again to incipient dryness. The sample was
again dissolved in 2mL of 3N HNOg in high-pressure bombs for a further 24 hours
to ensure complete dissolution. Such digested samples were diluted with Milli-Q
water to a final dilution factor of 2000 in 2% HNOs; solution with total dissolved
solid of 0.05%. Precisions (1c) for most elements based on liquid standards Std-1,
Std-2, Std-4 (AccuStandard, USA). Rock standards AGV-2 (US Geological Survey),
and GSR-1, GSR-3, GSR-5 (National geological standard reference materials of
China) were used to monitor the analytical accuracy and precision. The analytical
accuracy, as indicated by relative difference between measured and recommended

values, is better than 5% for most elements, and 10~15% for Cu, Zn, Gd and Ta.



4.1.2 Bulk rock Sr-Nd isotope analysis

The bulk-rock Sr-Nd isotope analysis was done at Key Laboratory of Orogenic
Belts and Crustal Evolution, Peking University. The pure Sr and Nd were obtained
by passing through conventional cation columns (AG50W and P507) for analysis
using a multi-collector inductively coupled plasma mass spectrometer (MC-1CP-MS)
of the type VG AXIOM. Mass fractionation corrections for Sr and Nd isotopic ratios

were normalised to ®Sr/®Sr = 0.1194 and ***Nd/***Nd = 0.7219, respectively.

4.1.3 In-situ zircon U-Pb dating

Zircons were separated from gabbroic sample 12L.J26 by using standard density
and magnetic separation techniques and purified by hand-picking under a binocular
microscope. The Cathodoluminescence (CL) examination was done by using an FEI
QUANTAG50 FEG Scanning Electron Microscope (SEM) under conditions of
15kV/120nA in the School of Earth and Space Sciences, Peking University, Beijing.

Measurements of U, Th and Pb in zircons were carried out on an Agilent-7500a
quadrupole inductively coupled plasma mass spectrometry coupled with a New
Wave SS UP193 laser sampler (LA-ICP-MS) at CUGB. Laser spot size of 36um,
laser energy density of 8.5J/cm? and a repetition rate of 10Hz were applied for
analysis (see Song et al., 2010b for more details). Age calculations and plots of

Concordia diagrams were done using Isoplot (Ludwig, 2003).



4.2 Geochemical feature of Lajishan basalts

4.2.1 Whole-rock major and trace element analysis

The analysed samples are predominantly basaltic and present large ranges of MgO
and total alkali (Na;O + K;0O) contents (Table 1 and Appendix Table 1). In the
(Nb/Y)-(Zr/TiO,) diagram (Winchester and Floyd, 1976), some samples plot in the
alkaline field, while others are in the subalkaline field (Fig. 4a). Six pillow basalt
samples and one massive basalt sample (13QLS-137) from the Yongjing Ophiolite
have very high MgO contents (> 18 wt.%). All the picritic pillow basalts plot in the
alkaline field of the (Nb/Y)-(Zr/TiO;) diagram with high Ti/Y ratios more than 500,
except for the massive basaltic sample 13QLS-137 (Fig. 4a). Therefore, according to
these geochemical features, we can subdivide these basaltic samples into three
groups: (1) the sub-alkaline group, (2) the alkaline group and (3) picrite group.

(1) Sub-alkaline basalts. This group of basalts are characterised by relatively low
TiO2, Nb, Ni, Zr, but high Yb and V relative to alkaline basalts (Fig. 5); they
have sub-alkaline, tholeiitic compositions; major element characteristics are more
variable (Fig. 4). They also have low Nb/Y and Ti/Y (mostly <500), very different
from the alkaline basalts. They possess slight enrichment of LREE and MREE, with
(La/YDb)n ranging from 1.24 to 4.45 and (Sm/Yb)y from 1.19 to 2.58. The REE and
trace element patterns illustrate that these rocks are similar to typical present-day
enriched E-MORB (Fig. 6a, b).

(2) Alkaline basalts. The alkaline basalts display MREE/HREE and LREE/HREE



enriched patterns. They have higher Nb/Y (0.76-2.32) and Ti/Y (mostly >500) than
the sub-alkaline basalts. The overall geochemical features of these basalts resemble
those of alkaline basalts generated at within-plate oceanic island settings (Fig. 6 c,d),
as also exemplified by the relatively high Ti/V (~50), their Th/Yb-Ta/Yb ratios as
well as other most common tectonic discrimination diagrams, compared with the
sub-alkaline basalts (see below).

(3) Picrites. One sample (13QLS-137) occurs as massive picrite below the pillow
lavas layer, and others crop out as pillowed picrites in the field. These rocks are
characterised by high MgO (>18 wt%) with 48-52 wt% SiO,. Most of samples have
higher TiO, than 1% except for massive basalt 13QLS-137. The major element
composition closely analogous to komatiites (TiO, < 1 wt%) and memeichite
(TiO2>1 wt%) classified by Le Bas (2000), however, they do not have a spinifex
texture and are termed picrites. In the Nb/Y-Zr/Ti diagram, the pillowed picrites plot
in the alkaline field, while the massive picrite plots in the sub-alkaline field. They
are also classified as alkaline series with significant negative Sr and Rb, Ba and Sr
anomalies. They show similar REE and multi-element patterns to the E-MORB,

except for the strong Rb, Ba and Sr depletion (Fig. 5e,f).

4.2.2 Spinel

Chromian spinel (Mg, Fe®*)(Cr, Al, Fe*"),0, is a ubiquitous accessory phase in
basalts and peridotites, which is effective for distinguishing tectonic settings and the

degree of mantle partial melting (Dick and Bullen, 1984). Chromian-rich spinels



have been observed in three rock-types in the study area, including cumulate
pyroxenite, alkaline basalts and picrites in the LYO (Appendix Table 2). As shown in
Figure 7a, chromian spinels from the cumulate pyroxenite show a wide range of
TiO;, between 0.11-1.08 wt% (mostly > 0.5 wt%), and a narrow range of Al,Os.
Their Cr* (Cr/(Cr+Al)) values are 0.55-0.70, higher than that of the N-type MORB
and abyssal peridotite (Fig.7b, mostly < 0.6) (e.g., Dick and Bullen, 1984). Spinels
from the alkaline basalts (12LJ-32) have high TiO,  and Al,Os, but low Cr”. Spinels
from the picrites (13QLS-115,116) have high content of TiO, (1.60-2.88 wt.%) but
relatively low Al,O3, and mostly plot in the field of OIB (Fig. 7a). They also have
high Cr* (Cr* = Cr/(Cr+Al)), ranging from 0.52 to 0.64 (Appendix Table 2), higher
than spinels from the Ontong Java Plateau (0.46-0.52, Sano et al., 2015).

The spinel composition, as indicated by numerous studies, is a complex function
of magma and source peridotite compositions (Kamenetsky et al., 2001). Magmatic
abundances of trivalent (Al, Cr) and tetravalent (Ti) cations, unlike Mg?* and Fe?* in
spinel, experience very little change during post-entrapment re-equilibration because
of their low diffusivity, so they can be used to infer magmatic source (Barnes, 1998;
Kamenetsky et al., 2001; Roeder and Campbell, 1985). A positive correlation
between Al,O3; and TiO, in spinel and coexisting melt is demonstrated over
significant intervals of averaged spinel and melt compositions sampled from a
variety of magmatic types and tectonic environments (Crawford, 1980; Dick and

Bullen, 1984; Kamenetsky, 1996). The dependence of spinel Al,O; and TiO,



concentrations on the parental melt composition suggests the use of an Al,O3 vs.
TiO, diagram to discriminate spinel that crystallised from different magmas in
different tectonic environments (Kamenetsky et al., 2001). The relationships
between Al,O5; and TiO; (Fig. 7a) of the alkaline and picritess show relatively high
TiO,. As shown in Fig. 7b, the picrites and pyroxenite possess higher Cr” than
normal MORB and abyssal peridotite. The compositions of different spinels are also
plotted in the Cr-Al-Fe** ternary diagram (Fig. 7¢), where picrites plot in the oceanic

LIP (OLIP) field while alkaline basalts possess relatively lower Cr compositions.

4.2.3 Whole-rock Sr-Nd isotopic data

Oceanic island basalts have gained a lot of attention because their isotopic
compositions are different from MORB, reflecting different mantle source regions
(Hofmann and Hart, 1978). Six sub-alkaline, three alkaline basalts and two picrites
were analyzed for whole-rock Sr-Nd isotopic composition. The results are presented
in Table 2 and illustrated in Figure 8. The initial values of the Sr-Nd isotope were
calculated at 525Ma. The sub-alkaline and alkaline basalts have variable Sr/*®Sr
ratios. The sub-alkaline basalts possess relatively higher ***Nd/***Nd values than
alkaline basalts. Most of the basalts have positive eng(T) values (0.9-8.9) except for
sample 12LJ-29 which have negative eng(T) of -0.1. The positive eng(T) values are
similar to those of modern plume-related OIB (Zindler, 1986; White and Duncan,
1996). The relatively high initial Sr isotopic values in some samples may be

attributed to the alteration by sea water and hydrothermal fluids.



4.3 U-Pb zircon age

One gabbro sample (LJ-26) that occurs as a sill within the pillow lavas was
selected for LA-ICP-MS zircon U-Pb dating. The result is given in Appendix Table 3
and illustrated in Fig 9. About 45 zircon grains were recovered and they are
colourless, euhedral to irregular crystals with varying long axis (50-250um and
length/width ratios of 1.2-2.5). CL images show dark to intermediate luminescence
with straight and wide oscillatory growth bands (Appendix Fig. 9a,b).

Zircons from the sample have relatively high Th/U (0.34-1.56). Nineteen spots
were analysed on nineteen zircon grains, yielding apparent “®Pb/?*®U ages of
507-531 Ma, and forming a concordia age of 525+3 Ma (mean square weighted
deviation, MSWD = 0.52) (Appendix Fig. 9c). This age would, at least, represent the
minimum formation age of the ophiolite, within the time span of the Qilian Ocean

(ca. 550-500 Ma, Song et al., 2013).

5. Discussion

5.1 Petrogenesis and forming conditions

5.1.1 Effect of subsequent alteration

Influences on the major element contents can be measured by CIA value
[Al,O3/(Al,03+Ca0+Na,0+K,0)] in molecular proportions (Nesbitt and Young,
1982). The CIA values of the LYO basalts range from 28% to 53% and most of them

are in a limited range of 30%-49% (Table 1 and Appendix Table 1), consistent with



the CIA values of fresh basalts (CIA = 30-45%, Nesbitt and Young, 1982). It implies
no significant changes of the major elements of the three basalt groups. Some
mobile elements like Na, K and Al are active elements, and can be changed easily
during alteration, which are readily shown in correlations between Zr with NayO,
K,0 and Al,O3; (Hacker et al, 1992). However, Mg is generally an inactive element
and its content is not significantly changed during alteration. MgO content in our
samples is consistent with the high contents of Crand Ni. So we think the high MgO
composition is a primitive geochemical feature, rather than a result of subsequent
alteration.

The mobility of trace elements can be evaluated by plotting Zr against other trace
elements, such as the rare earth elements (La, Yb, Sr), HFSE (Th, Nb, Ti and Ta), Y
and U, in covariance diagrams (Cann, 1970, Li et al., 2008, 2010). As shown in
Figure 9, the trace elements possess a linear relationship with Zr, which indicates
that the trace elements are immobile during later ocean floor alteration and
metamorphism. The following petrological interpretations will be based on analysis

of these immobile elements.

5.1.2 Crustal contamination and fractional crystallisation

The trace element patterns resemble those of OIB, including the positive Nb and
Ta anomalies. The highly variable 8 Sr/®Sr ratios (0.703854-0.708084) suggested a
hydrothermal alteration, but eNd(T) values (0.9-8.9) are similar to present-day OIB,

indicating no significant contamination by continental crust. The incompatible



elemental ratios such as Zr/Nb = 3.92-14.26, Ba/Nb = 0.41-27.62 in the studied
basalts are lower than those of continental crust (Zr/Nb = 16.2, Ba/Nb = 54;
Hofmann et al., 1986), which indicate that they lack continental lithospheric sources.
We conclude that they formed in an oceanic lithosphere setting.

The large variation in MgO (3.97-22.40) and Mg" (44.47-78.42) of the three types
of basalt implicates processes of fractional crystallisation. In the correlation
diagrams between Ni, V and Cr (Fig. 10), the primary magmas for the sub-alkaline
and alkaline basalts might have  experienced varying degrees of
clinopyroxene-dominated (with olivine) fractionation.

Ni is a compatible element in olivine, so the Ni contents would have a high level
if the basalts have accumulated olivines. As shown in Figure 10, the LYO picrites
possess similar composition of Ni contents in comparison with Hawaiian picrites
and representative komatiites (Fig. 10). Therefore, it also provides evidence that
these picrites have not experienced olivine accumulation. As the incompatible trace
element concentrations and patterns are consistent with melt, not cumulate, values
(Fig. 6e,f), we consider that the picrites most likely represent primary or

near-primary magma compositions.

5.1.3 Mantle conditions

Mantle source temperature represents the temperature of mantle material if it
adiabatically ascended to the Earth’s surface without melting (McKenzie and Bickle,

1988). Highly magnesian volcanic rocks are widely used to estimate mantle melting



conditions and mantle compositions because their compositions are thought to be
close to the primary mantle-derived melts (Larsen and Pedersen, 2000).

We use the PRIMELT3 software to calculate T, for mantle, in order to distinguish
relatively hotter from colder mantle sources, which is important in understanding the
thermal characteristics of ambient and anomalous mantle (Herzberg and Asimow,
2015). We choose the picrites which have the closest affinity with primary magma,
and regard the geochemistry of these picrites as representative of primary magma
compositions. The results of primary melt composition, T, and degree of partial
melting (F) calculations are listed in Appendix Table 4. Using parameterised
experimental data on mantle melting phase relations, we estimated that the T, is
1489-1600°C (the potential temperature of the mantle source is obtained in terms of
the equation of:

To(°C) = 1025 + 28.6MgO - 0.084*MgO?,

Herzberg et al., 2007). The T, is obviously higher than the 1350°C of the upper
mantle (Davies, 2009; Korenaga, 2008), and close to the 1500-1600°C of Hawaiian
picrites  (Herzberg et al., 2007; Lee et al., 2009), which demonstrates an

anomalously hot mantle source for the Cambrian volcanics.

5.1.4 Degree of partial melting

Cr is a compatible element, preferring to stay in residue; only when the degree of
melting is high enough does it go into the melt. So the higher the Cr contents are in

the melt, the higher degree of melting there is. It is generally thought that spinels in



basalts are in equilibrium with melt, and the chromium number (Cr") in spinel as an
indicator of partial melting correlates well with trace elements (e.g. Dy, Er, Yb) in
clinopyroxene. Hellebrand et al. (2001) gave an equation: F = 10In(Cr") + 24 for
spinels to estimate the relationship between Cr” and F, where F is the degree of
melting.

As shown in Appendix Table 2, the calculated F of alkaline basalts ranges from
12.9% to 15.6%; while the F of the picrites ranges from 17.5% to 19.6% and
pyroxenites ranges from 18.0% to 20.4%. The calculated F of the picrites using the
PRIMELTS 3.0 ranges from 38-44%. All the results are higher than of most N-type

MORB (~15% by Niu, 1997 or ~6% by Workman and Hart, 2005).

5.2 Determination of a Cambrian (~525 Ma) oceanic plateau

The basalts in the LYO complexes possess massive and pillow structures
associated with abyssal deposits (e.g. red chert), indicating that the eruption was in
an underwater environment. All the three rock groups, including sub-alkaline,
alkaline and picrites, exhibit E-MORB and OIB-type geochemical features (Fig. 5),
which are different from the N-type MORB in most present day ocean ridges. Such a
signature is thought to be diagnostic of hot spot or plume related basalts associated
with oceanic islands (Hofmann, 1997).

In the Th/Yb vs. Ta/Yb diagram (Fig. 11a), the sub-alkaline basalts are close to
the E-MORB composition, the alkaline basalts close to OIB composition; and the

picrites plot between OIB and E-MORB compositions (Sun and McDonough, 1989).



In the Nb/Y and Zr/Y variation diagrams (Fig. 11b), all samples plot within the field
of Icelandic data (Fitton et al, 1997).

Ratios of highly incompatible trace elements in basalts reflect the geochemical
composition of their mantle sources and therefore provide information about the
distribution of the HFSE in the mantle. As shown in Fig. 11c, Nb/Ta ratios in OIB
are decoupled from Zr/Hf ratios (Pfander et al., 2007). Moreover, most of the
samples are plotted in the same field as OIBs from the world’s main oceanic
plateaus like Rurutu (Chauvel et al., 1997), Tubuai (Chauvel et al., 1992), Azores
(Bieier et al., 2006), Pitcairn (Eisele et al., 2002) and Samoa (Workman et al., 2004),
which are shown in the field of OIB in Fig. 11c. In the Nb/La vs Nb/Th diagram (Fig.
11d), picrites are quite similar to the Kostomuksha komatiites except for higher Nb
contents, and most of the picrites lie close to the field of recent oceanic plateaus.

The REE compositions of basalts from the LYO show marked LREE/MREE
enrichment (Lan/Smy=1.04-3.17) coupled with prominent MREE/HREE enrichment
(Smn/Ybn=1.19-5.19). Besides, all the samples possess low contents of HREE with
right inclined patterns (Fig. 5), suggesting that these basalts were derived from the
source region with the presence of garnet as a residual phase that preferentially
holds heavy REEs (Irving and Frey, 1978). Using the Fractionate-PT model of Lee
(2009), the calculated depths of melting range from 2.0-3.4 GPa (Table 3), in
accordance with depths where garnet is a residual phase.

In summary, on the basis of petrology, geochemical and isotopic data described



above, we conclude that the basalts form LYO complexes formed in an intra-oceanic
setting, most likely an oceanic plateau associated with a mantle plume: no other

explanation seems viable due to the presence of the picrites.

5.3 Tectonic implications: trench jam and new intra-oceanic arc generation

When a subducting ocean plate contains a body that is too buoyant to subduct the
phenomenon of “trench jam” can occur (e.g., Abbott et al., 1997; Niu et al., 2003,
2015), with the consequence that a new subduction zone and volcanic arc are
generated. Oceanic plateaus are the best candidates for such a buoyant and
unsubductable mass, given the relatively low densities of the high percentage melts
present in such crust (Herzberg, 1999; Niu and Batiza, 1991; Niu et al., 2003;
O'Hara, 1973).

As described above, the picrites and OIB-type basalts in the LYO are interpreted
to be the products of melting of a mantle plume, and they did not experience
subduction, but were obducted as an ophiolitic component in the South Qilian
Accretionary Belt. The age data (525+3 Ma) reveals that at least a component of the
oceanic crust formed in the Late Cambrian. More importantly, the South Qilian
Accretionary Belt has also incorporated intra-oceanic arc volcanic rocks (Fig. 1),
which formed in a narrow time span from ~ 470 to 440 Ma (Yang et al., 2002), much
younger in age and shorter in duration than the arc volcanism in the North Qilian
Accretionary Belt (Song et al., 2013). We suggest that the newly formed arc volcanic

sequence would be closely associated with the collision between the plateau and the



pre-existing trench at ~470 Ma, on the basis of the age of the oldest arc volcanics in

the South Qilian Accretionary Belt. This scenario is illustrated in Fig. 12.

6. Conclusions

(1) Geochemical, isotopic and geochronological data suggest that the LYO
complexes in the south of the Qilian orogenic belt record mantle plume-related
activity in the Qilian Ocean during the Cambrian (~525 Ma).

(2) Basalts of the LYO exhibit trace element and isotopic characteristics of
OIB-related or E-MORB-related magmas that can be divided into three groups:
E-MORB affinity sub-alkaline basalts (Group 1), OIB-affinity alkaline basalts
(Group 2), and picrites (Group 3). The Cr” of spinels in the picrites suggests that
the degree of partial melting is 18-21%, which is higher than the accompanying
OIB-like lavas. The potential temperature of mantle (T,) is 1489-1600°C,
suggesting an anomalously hot mantle source and close to that previously
interpreted for Hawaiian picrites.

(3) Attempted subbduction of the buoyant oceanic plateau rocks would have
accreted oceanic rocks onto the continental margin, which explains the

mechanisms for the preservation of the Lajishan-Yongjing Ophiolites.
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Figures and figure captions

Fig. 1. Simplified geological map of the Qilian-Qaidam orogens showing two
accretionary belts (North Qilian and South Qilian accretionary belts) and the

localities (red rectangles) of the Lajishan and Yongjing ophiolites of this study.

Fig. 2. Field photos of the Lajishan-Yongjing ophiolite terranes. (a) Pillow basalts
with red chert in the Lajishan locality. (b) Massive lavas (sheeted dykes?) in the
Lajishan locality. (c) Voluminous massive lava in the Yongjing locality. (d) and (e)
Pillow lava overlaying the massive lavas in the Yongjing locality. (f) and (g) picrites

with pillow structure.

Fig. 3. Photomicrographs of pillow and massive lavas and picrites. (a) Pillowed
picrites with high MgO have experienced low-grade metamorphism. Olivine is
metamorphosed to serpentine and pyroxene is altered to tremolite (sample
LJ15-176); (b) The massive picrite possesses amphibole metacrystals that may result
from retrogressive metamorphism. Olivine is metamorphosed to serpentine and
chlorite (sample 13QLS-137); (c) Sub-alkaline basalt showing conspicuous
intersertal and ophitic texture (sample 13QLS-78); (d) Alkaline basalts showing flow

structure with orthopyroxene and spinel phenocryst (sample 13QLS-98).



Fig. 4. Nb/Y-Zr/Ti (Winchester and Floyd, 1976) diagrams for basaltic rocks from

the Lajishan ophiolites, Qilian Orogen.

Fig. 5. Variation of selected major and trace elements vs. Y for volcanic rocks from
the Lajishan ophiolite, along with regression lines of different groups of basalts
(subalkaline and alkaline series). Major element oxides are recalculated on

anhydrous bases.

Fig. 6. Chondrite-normalised REE patterns (a, c, €) and primitive mantle normalised
trace element patterns (b,d,f) for three groups of samples respectively. Also shown
are compositions of OIB in (d) and (f) and enriched MORB (E-type MORB) in (b)
for comparison. The normalisation values and the OIB and E-type MORB values are

from Sun and McDonough (1989).

Fig. 7. Spinel compositions of the Lajishan-Yongjing ophiolites. (a) Al,O3 vs TiO,
diagram for spinels from alkaline, picrites and pyroxenites (Kamenetsky et al., 2001)
(b) Cr* [Cr/(Cr + Al)] vs Mg" [Mg/(Mg + Fe**)]diagram for spinels (Dick and Bullen,
1984). (c) Cr-Al-Fe** ternary plot for chromian spinel. Discrimination fields of
oceanic large igneous province (OLIP) are from Tokuyama and Batiza (1981);

MORB are from Gaetani et al. (1995). Spinel data of the Ontong Java Plateau and



Hawaiian basalts are from Sano et al (2015) and Norman and Garcia (1999),

respectively.

Fig. 8. Sr-Nd isotopic compositions for the Lajishan basalts. Plotted for comparison
are: the modern depleted upper mantle (N-MORB) (Zimmer et al., 1995), OIB

(Zindler, 1986; White and Duncan, 1996), and EMI and EMII member (Hart, 1988).

Fig. 9. Correlation diagrams of zirconium versus selected trace elements to measure
their mobilities. Most of the elements have a linear relationship with Zr except for Sr,
suggesting that the trace elements are immobile during subsequent alteration. The
different linear trends of the three groups are attributed to their variable mantle

sources (also see Fig. 5).

Fig. 10. (A) Ni and (B) V vs. Cr diagrams showing the clinopyroxene-dominated
fractionation for alkaline and sub-alkaline basalts and olivine-controlled
fractionation for picrites. The vectors are from Li et al. (2010). The compositions of
high-Mg picrite and basalts from Hawaii (Norman and Garcia, 1999) and
representative komatiites (Puchtel et al., 2016; Van Acken et al., 2016) are also

shown in the figures for comparison.

Fig. 11. Tectonic discrimination diagrams for various rock series the



Lajishan-Yongjing ophiolitic complexes (a) Ta/Yb vs. Th/Yb diagram for basalts
from the Lajishan ophiolitic complex (modified after Pearce, 1982). The
compositions of modern normal mid-ocean ridge basalt (N-MORB), enriched
mid-ocean ridge basalt (E-MORB), and ocean-island basalt (OIB) are from Sun and
McDonough (1989);  (b) Nb/Y-Zr/Y diagram from Fitton et al. (1997); (c) Nb/Ta
versus Zr/Hf in ocean island basalts. Also shown is the field for MORB, average
composition of the continental crust (CC, Zr/Hf and Nb/Ta from Barth et al., 2000)
and OIB from Pfander et al. (2007); Bieier et al. (2006); Chauvel et al. (1992);
Chauvel et al. (1997); Eisele et al. (2002); Minker et al. (2003). Chondritic Nb/Ta
and Zr/Hf from Munker et al. (2003). The arrow indicates the shift in Zr/Hf and
Nb/Ta that results from 30% clinopyroxene fractionation (calculated from Pfander et
al. 2007). (d) Primitive mantle-normalised (Nb/Th)N vs. (Nb/La)N data for LYO
picrites and basalts. Normalisation values are from Sun and McDonough (1989).
Data from Kostomuksha komatiite (Puchtel et al., 1998) and Hawaiian basalts
(Norman and Garcia, 1999) are added for comparison. The field of recent oceanic

plateau, MORB and island arc tholeiites are from Puchtel et al (1998).

Fig. 12. Cartoons showing the tectono-magmatic evolution for the
Lajishan-Yongjing P-type ophiolite complex for the Early Cambrian: (A) plume
origin for an oceanic plateau at 525Ma; (B) The buoyant plateau reached the

subduction zone and became a part of newly accreted continent at about 500 Ma.



Modified after Niu et al (2015).
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Table 1. Representative major and trace element analyses of basalts from
Lajishan-Yongjing ophiolites.

sample 121J-19  121J-20  13QLS114  13QLS128  LJ15-173  LJ15-177  12LJ-28  12LJ-29  13QLS-115  13QLS-137  LJ15-174  LJ15-175
rock SAB SAB SAB SAB AB AB AB AB Picrite Picrite Picrite Picrite
Location LJS LJS YJ YJ YJ YJ LJS LJS YJ YJ YJ YJ
Major elements (wt.%)

Sio2 49.64 51.54 45.78 45.77 48.96 47.89 47.10 46.11 46.58 49.93 44,11 46.08
Tio2 1.08 1.03 2.76 1.65 1.82 1.68 1.69 1.61 1.46 0.52 1.54 1.16
Al203 13.62 13.96 14.57 13.98 13.88 13.94 11.46 10.68 7.92 9.37 7.06 5.88
Fe203T 11.70 11.40 15.91 9.09 11.49 11.67 11.05 11.66 12.67 9.26 12.57 11.69
MnO 0.18 0.20 0.22 0.17 0.17 0.22 0.13 0.11 0.17 0.26 0.19 0.17
MgO 7.06 7.21 4.39 5.72 7.40 8.11 5.98 4.85 19.76 17.72 21.06 21.47
CaO 9.67 7.23 9.95 10.24 10.23 8.36 9.52 10.26 7.80 7.69 8.02 8.20
Na20 3.81 4.54 3.39 2.80 3.99 3.84 3.36 3.33 0.30 0.97 0.31 0.26
K20 0.08 0.20 0.75 1.38 0.33 1.00 0.85 0.64 0.03 0.21 0.04 0.03
P205 0.10 0.08 0.49 0.29 0.19 0.20 0.41 0.42 0.14 0.22 0.15 0.10
LOI 2.20 1.71 213 7.83 0.69 217 7.66 9.54 2.42 3.02 3.68 3.77
Total 99.13 99.11 100.33 98.92 99.14 99.07 99.23 99.21 99.24 99.16 98.73 98.82
Mg# 58.45 59.57 39.13 59.46 60.02 61.84 55.79 49.25 78.42 81.68 79.61 81.06
Trace elements(ppm)

Sc 46.06 42.46 27.98 38.84 21.16 20.28 33.48 32.10

\Y% 341.58 327.20 411.20 324.00 290.60 271.40 206.80 199.96 225.60 170.94 169.12 133.22
Cr 170.17 156.06 29.62 75.00 321.40 259.60 374.40 531.20 2084.00 1279.20 1736.60 1521.00
Co 46.42 40.48 32.28 33.62 47.38 42.90 50.22 47.14 106.26 75.42 90.22 82.80
Ni 90.85 84.34 24.36 26.76 69.80 57.66 200.00 318.40 969.60 942.40 765.20 676.40
Rb 0.93 1.80 8.77 28.08 4.41 15.97 18.30 11.99 0.39 2.65 0.33 0.35
Sr 165.77 90.60 239.80 83.92 595.80 912.40 504.60 489.20 19.14 80.32 23.78 26.28
Y 22.13 20.96 48.56 26.64 23.86 21.78 19.06 18.68 13.38 13.73 14.20 9.93
zr 64.05 58.12 244.60 142.85 98.00 99.71 164.27 165.81 72.57 61.40 75.46 49.68
Nb 521 4.74 19.80 16.34 10.42 12.05 36.92 36.86 11.93 8.00 11.63 7.66
Ba 61.60 108.60 143.00 171.16 84.16 573.00 245.20 223.20 4.93 37.10 7.82 5.36
La 4.29 4.03 18.02 14.00 9.53 10.22 27.92 27.24 7.39 11.07 7.11 5.27
Ce 10.71 10.18 45.82 31.00 24.26 25.42 58.06 54.82 17.65 21.72 19.02 13.76
Pr 1.63 1.55 6.41 4.12 3.33 3.35 7.24 6.87 2.36 2.63 2.62 1.88
Nd 8.17 7.77 28.16 17.81 15.17 14.85 29.98 28.22 10.46 10.52 11.62 8.28
Sm 2.55 241 7.62 4.44 431 4.00 6.30 5.95 2.66 2.33 3.03 2.09
Eu 0.99 0.84 2.60 1.40 1.58 1.54 2.02 1.95 0.96 0.71 0.97 0.80
Gd 3.40 3.21 8.95 4.68 5.02 4.61 5.87 5.63 2.77 2.32 3.28 2.32
Tb 0.58 0.55 1.53 0.74 0.78 0.71 0.78 0.75 0.42 0.36 0.50 0.35
Dy 3.94 3.66 9.47 4.56 4.65 4.27 4.18 4.03 2.46 221 2.94 2.07
Ho 0.84 0.79 2.04 0.93 0.89 0.83 0.73 0.72 0.46 0.46 0.56 0.39
Er 247 2.33 5.64 2.58 2.36 2.23 1.84 1.82 1.23 1.31 1.46 1.04
Tm 0.35 0.33 0.82 0.36 0.31 0.30 0.23 0.22 0.16 0.19 0.19 0.14
Yb 2.37 221 5.06 2.25 1.89 1.81 1.37 1.35 0.94 1.20 1.17 0.84
Lu 0.35 0.32 0.75 0.33 0.26 0.26 0.18 0.18 0.13 0.18 0.16 0.11
Hf 1.61 1.49 5.59 3.10 2.58 2.60 3.93 3.94 1.99 1.51 2.03 1.39
Ta 0.35 0.31 1.26 0.99 0.66 0.77 2.13 2.09 0.77 0.46 0.68 0.45
Pb 115 1.93 1.87 222 5.36 6.35 3.18 3.38 0.45 3.40 0.45 0.36
Th 0.39 0.35 1.36 1.33 0.83 1.04 2.86 2.78 0.75 2.90 0.75 0.45
U 0.11 0.11 0.55 0.44 0.30 0.29 0.49 0.40 0.16 0.52 0.24 0.16

SAB = subalkaline basalt; AB = alkaline basalt. LJS = Lajishan, YJ = Yongjing



Table 2. Whole-rock Sr-Nd isotopic data for basalts from Lajishan-Yongjing

ophiolites
Rb(ppm) Sr(ppm) ¥RbASSr  8'Sr%Sr Ig(t)  Sm(ppm) Nd(ppm)  ¥Sm/A*Nd  “Nd/MNd  eNd(T)

Subalkaline basalts
121.J-19 0.93 165.8 0.0158  0.705552 0.70543 2.55 8.17 0.1977 0.512815 3.4
121.J-20 1.8 90.6 0.056  0.705374 0.70495 2.41 7.77 0.197 0.512861 43
13QLS-78 6.81 453.8 0.0424  0.705613  0.7053 2.61 9.2 0.1802 0.513021 8.6
13QLS-96 27.88 325.8 0.2417  0.708084 0.70628 432 17.63 0.1555 0.512916 8.2
13QLS-105 1.5 437.8 0.0097  0.707115 0.70704 3.08 10.87 0.1801 0.513034 8.9
13QLS-111  6.18 419.6 0.0416  0.704649 0.70434  4.01 13.86 0.1834 0.512996 7.9
Alkaline basalts
121.)-28 18.3 504.6 0.1024  0.705622 0.70486 6.3 29.98 0.1334 0.512466 0.9
12LJ-29 11.99 489.2 0.0693  0.705543 0.70502 5.95 28.22 0.1338 0.512418 0.1
12LJ-36 16.07 576.6 0.0787  0.706013 0.70542 6.14 29.24 0.1332 0.512505 1.7
Picrites
13QLS-115  0.39 19.14 0.0578  0.703854 0.70342 2.66 10.46 0.1612 0.512787 5.3
13QLS-116  0.51 40.94 0.035  0.706623 0.70636 3.02 11.78 0.1628 0.512795 5.4

Note

(1) 16 =2Sr/®Sr — ¥'Rb/°Sr x(e'" -1), where Agp =1.42 x 10 year™

(2) eng(T) ={[**Nd/**Nd — **"Sm/**Nd x(e"" -1)]/[**Nd/**Nd]chur) —
CY'SmMNd)crurey * (€' -1)} -1} x 10,000, where Ay =6.54 x10™'? year™;
(**Nd/M*Nd)crure) =0.512638; (**’Sm/***Nd)chur(y) =0.1967

(3) T =525Ma, crystallisation age of the Lajishan-Yongjing basalt.



Table 3. Results of depths of partial melting of picrites calculated by using
FractionatePT of Lee (2009).

Thermobarometric results

T Putirka 2005 P Lee
T Putirka 2005 P P T Lee (no P
sample PLee P Albarede no comp model (with T
NaK model C Lee  Albarede dependence)
A Lee)
Celsius GPa GPa Celsius GPa GPa T°C GPa
13QLS-115 1564.6 3.0 2.9 1652.1 35 3.6 1533.9 2.9
13QLS-116 1486.5 23 22 1617.9 2.8 31 1395.1 2.0
LJ15-174 1535.4 35 35 1674.1 43 49 1519.5 34
LJ15-175 1519.3 2.7 25 1642.4 3.2 35 1453.7 24
LJ15-176 1516.4 29 29 1637.4 35 3.9 1476.3 2.7
LJ15-178 1550.3 3.6 3.6 1688.5 4.4 5.0 1523.9 34




Highlights

® \\e present plume-type ophiolites in an Early Paleozoic accretionary belt.

® \We confirm that they occurred as an oceanic plateau with a minimum age of 525
Ma.

® The rocks are mainly sub-alkaline, alkaline and picrites.

® The subduction of oceanic plateau caused trench jam and continental accretion.





