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The Weibao copper–lead–zinc deposit, located in the eastern part of the Qimantagh area, East Kunlun
Orogenic Belt (EKOB), consists of three skarn ore blocks known as Weixi, Main and Weidong from west
to east. The mineralization within the Weibao Cu–Pb–Zn deposit is hosted by the Mesoproterozoic
Langyashan Formation. In this study, we describe for the first time basaltic lavas that intruded into this
host sequence and chronological, isotopic, major and trace element data of these volcanic rocks are pre-
sented here to constrain their eruption age as well as the tectonic setting. Two basaltic lava samples yield
sensitive, high-resolution ion-microprobe (SHRIMP) U–Pb zircon ages of 393.0 ± 5.5 Ma–392.0 ± 5.0 Ma,
indicating that volcanic rocks in the Weibao deposit erupted in Middle Devonian. The majority of the vol-
canic rocks have compositions characterized by high potassium, light rare earth element (LREE)-enriched
patterns in chondrite-normalized rare earth elements (REE) diagrams, and evident enrichment of Rb, Ba
and K and depletion of Th, U, Nb and Ta contents in primitive mantle-normalized patterns, although the
degrees of enrichment and depletion are variable. These characteristics of major and trace element data
highlight a hornblende-dominated fractionation during ascent of magmas. The eHf(T) values of zircons
are relatively scattered and slightly enriched, ranging from �2.6 to +7.5. Modelling the features of the
major, trace and isotopic element data indicates a hybrid origin involving combined depleted mantle
(and hence asthenospheric mantle) and melts and/or fluids inherited from an early subduction event.
Besides, these geochronological and geochemical data, together with previously published data in the
EKOB, suggest that the Weibao basaltic lavas formed in a post-collisional setting, and that the
Qimantagh area underwent strong interactions between mantle and crust in Early Paleozoic–Middle
Devonian.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The East Kunlun Orogenic Belt (EKOB) is a long (about 1500 km)
tectonic belt extending across central China and located in the
Northern Qinghai–Tibet Plateau, bounded by the Qaidam Basin to
the north, the Bayan Har–Songpan Ganzi block to the south, the
Qinling–Dabie orogenic belt to the east and the NE–trending Altyn
Tagh fault to the west (Mo et al., 2007; Xiong et al., 2012). It
records a long and complex history of plate collision, tectonic
deformation and magmatic activities, beginning in Early Paleozoic
and continuing into Cenozoic (Yang et al., 1996; Mo et al., 2007;
Jiang et al., 2009; Hao et al., 2015; and references therein). As a part
of the EKOB, the Qimantagh area well recorded early stages of
tectono-magmatic evolution processes of the EKOB, i.e., Early Pale-
ozoic to Middle Devonian tectono-magmatic activities. However,
due to unfavourable outcrop situation and particularly, the com-
plex superimposed orogenic processes (Li, 2010; Hao et al.,
2015), the evolution history of the Qimantagh area during the Early
Paleozoic to Middle Devonian is still poorly understood.

The Weibao Cu–Pb–Zn deposit, initially discovered through
geochemical reconnaissance survey by the Geophysical and Geo-
chemical Party, Xinjiang Bureau of Geology and Mineral Resource
Exploration and Development (GGPXBGMRXD) in 2003, is located
at the boundary of Xinjiang and Qinghai, China (37�0705800 N,
91�0700800 E, Fig. 1b), and now has been one of the most promising
skarn deposits in the Qimantagh area. Previous studies with regard
to this deposit reported the characteristics of orebodies and fluid
geochemistry (e.g., Gao et al., 2014c; Fang et al., 2015), whereas
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Fig. 1. a. Simplified geological map of the Qimantagh area (modified after Fang et al., 2015). b. Geological map of the North Qimantagh magmatic arc showing the locations of
main skarn deposits (modified after Feng et al., 2011b; Fang et al., 2015). Abbreviations: NEKT–North East Kunlun terrane; MEKT–Middle East Kunlun terrane, SEKT–South
East Kunlun terrane, ATF–Altyn Tagh fault, NEKF–North East Kunlun fault, NRF–Nalingguole River fault, CEKF–Central East Kunlun fault, SEKF–South East Kunlun fault. The
names of skarn deposits are: KEQK–Kaerqueka, YZG–Yazigou, JR–Jingren, HTY–Hutouya, KDKK–Kendekeke, WLWZE–Wulanwuzhuer, YMQ–Yemaquan, GLG–Galinge, SJY–
Sijiaoyang.

310 S. Zhong et al. / Ore Geology Reviews 84 (2017) 309–327
few have focused on igneous activities in this area. As a result of
our recent work and detailed investigations, for the first time vol-
canic rocks intruded into the host sequence of the Weibao deposit
were found, marking the occurrence of volcanic eruption in the
Weibao deposit.

We collected fresh lava samples from the Weibao deposit and a
systematic research on geochronology and geochemistry of these
rocks was conducted in order to constrain the eruption time, the
tectonic setting and the magmatic source of those volcanic rocks,
whereas the nature of the deposit itself in terms of mineralization,
alteration, and veining styles for example, is only roughly
described as it is not the focus of this paper. Additionally, com-
bined with previously published age data, a new combined petro-
logic and tectonic model is proposed aiming to better understand
the evolution history of the Early Paleozoic– Devonian tectono-
magmatic cycle within the Qimantagh area.
2. Geological setting

2.1. Regional setting

The EKOB is subdivided by the Nalingguole River fault (NRF)
and the Central East Kunlun fault (CEKF) into three distinct zones
from north to south, referred to as the North East Kunlun terrain
(NEKT), the Middle East Kunlun terrain (MEKT) and the South East
Kunlun terrain (SEKT) respectively (Fig. 1a). Generally, it consists
of four orogenic cycles over several eras, i.e., the Precambrian,
the Early Paleozoic Caledonian, the Late Paleozoic–Early Mesozoic
Hercynian–Indosinian and the Late Mesozoic–Cenozoic Yanshan–
Himalaya cycles, respectively (e.g., Liu et al., 2005; Mo et al.,
2007; Hao et al., 2015). A thorough regional review of lithological,
geochemical, structural, metamorphic and geochronological char-
acteristics of the EKOB, as well as the tectono-magmatic evolution
histories with regard to these four cycles, has been summarized by
Mo et al. (2007) and is therefore not repeated here.

The Qimantagh area, situated within the western part of the
EKOB, is a wedge field among the Altyn Tagh Orogen, Qaidam Basin
and Bayan Har terrain, bounded by the ATF, SEKF and NEKF,
respectively (Fig. 1a) (Fang et al., 2015). Generally, it can be subdi-
vided into three tectonic units from north to south (Gao et al.,
2010): (1) the Early Paleozoic North Qimantagh magmatic arc,
i.e., the western part of NEKT (Fig. 1b), (2) the Central Kunlun mas-
sif, i.e., the western part of MEKT, and (3) the Early Paleozoic accre-
tionary wedge, i.e., the western part of SEKT.
The rocks of different ages, ranging from Archean to Cenozoic,
widely occur within the Qimantagh area (Fig. 1b). The basement
rocks are mainly composed of the Jinshuikou, Xiaomiao, and Bing-
gou Groups (Liu et al., 2005), which are Archean to Proterozoic in
age. The Langyashan Formation and Qimantagh Group (also known
as the Tanjianshan Goup), as well as the Carboniferous strata, are
the most important host rocks for the skarn mineralization within
the Qimantagh area (e.g., Feng et al., 2011b). The Langyashan For-
mation is described as Mesoproterozoic in age and consists of the
carbonate rocks and clastic rocks, locally undergoing greenschist
facies metamorphism (Xu et al., 2012). In contrast, the Qimantagh
Group is known as Ordovician–Silurian in age and comprises
volcano-sedimentary rocks, but also experienced greenschist facies
metamorphism (e.g., Wang et al., 2003; Li et al., 2007).

Published descriptions of the structural setting of the Qiman-
tagh area indicate the presence of faults and folds (Feng et al.,
2010, 2012; Gao et al., 2010). The fold orientations mostly trend
fromwest–northwest to east–southeast, whereas the fault systems
are more complicated. The faults striking west–northwest, north-
west and east are interpreted to be produced before and/or during
the skarn mineralization, therefore usually controlling significant
mineralization. The northeast- and north-striking fault systems
are generally post-skarn and post-mineralization, but likely control
the emplacement of post-skarn intrusions. Besides, the earlier fault
systems are likely reactivated by subsequent tectonic activities.
Abundant intrusions of different ages are preserved in the Qiman-
tagh area (Fig. 1b). Both of the Paleozoic and Triassic granitoids are
volumetrically widespread (Wang et al., 2009; Feng et al., 2010,
2012; Gao and Li, 2011; Gao et al., 2012a, 2012b, 2014a, 2014b;
Li et al., 2012; Xiao et al., 2013), whereas economic Cu–Pb–Zn–Fe
mineralization is mainly related to Triassic granitoids (e.g., Feng
et al., 2009, 2010, 2011a, 2012). Other igneous rocks, such as mafic
dykes, are mainly post-skarn and post-mineralization (e.g., Luo
et al., 2002).

2.2. Geology of the Weibao cu–pb–zn deposit

The Weibao Cu–Pb–Zn deposit occurs at an elevation of ca.
5000 m asl in the EKOB and is one of several in the Qimantagh
Cu–Zn–Pb–Fe belt, a Phanerozoic metallogenic belt of igneous
rocks which extends for ca. 550 km in NW–SE direction (Fig. 1b)
(Feng et al., 2010; Zhao et al., 2013). It comprises the Weixi ore
block to the west, the Main ore block to the centre and the Wei-
dong ore block to the east (Fig. 2) which are mainly characterized
by Cu, Cu–Pb–Zn and Pb–Zn mineralization respectively, whereas



Fig. 2. a. Simplified geological map of the Weibao Cu–Pb–Zn deposit showing the locations of the Weidong, Main and Weixi ore blocks. b. Geological map of the Weidong ore
block. c. Geological map of the Weixi and Main ore blocks. All these figures are modified after unpublished maps from GGPXBGMRXD. Note that the Middle Devonian basaltic
lavas are identified for the first time in this study and are widespread in the Weibao district, but currently there are not enough geological data to recompile the map of this
poor studied district.
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minor Cu mineralization also occurs in the Weidong ore block
(Fig. 2b). Geographically, the Weixi and Main ore blocks are subdi-
vided by a northeast-striking fault (Fig. 2c). Although Cu mineral-
ization is especially predominant in the Weixi ore block, there is
no economic Cu orebody occurring at the surface (Fig. 2c). Cur-
rently, a precise temporal constraint is absent within the Weibao
deposit, but it is reasonable to assume that the main Cu–Pb–Zn
mineralization was emplaced during Middle and Late Triassic, in
view of the consistent Middle to Late Triassic mineralization ages
obtained from other skarn deposits in the Qimantagh metallogenic
belt (e.g., Li et al., 2008; Feng et al., 2009, 2011a; Yu et al., 2015)
with the exception of the Baiganhu deposit (Zhou et al., 2015).

Regardless of the distinction with respect to the mineralization,
the orebodies in the Weibao deposit are hosted by the same rock
unit (known as the Langyashan Formation) that exposes variable
degrees of metamorphism (Li, 2010; Gao et al., 2014c). This
sequence reaches a thickness of nearly 1.5 km and consists pre-
dominantly of limestone, marble, skarn, pyroclastic rocks and
minor siltstone (Fig. 3). Spatially, these rocks are unconformably
overlain by the Triassic Elashan Formation and underlain by the
Paleoproterozoic Baishahe Formation. The Elashan Formation is
mainly composed of andesite, dacite, rhyolite and pyroclastic
rocks, whereas the Baishahe Formation dominantly consists of
gneiss, marble and amphibolite manifesting amphibolite and
granulite facies metamorphism. Both the Elashan and Baishahe
Formations are nonreactive and do not host significant skarn min-
eralization. On the basis of detailed field observations, core logging
and thin section petrography, we found for the first time basaltic
lavas (basalts and minor basaltic andesites) that intruded into
the host sequence in the Weibao deposit (Fig. 4a, b). These lavas
preserve amygdaloidal and/or porphyritic volcanic structures
(Fig. 4c, d, e, f) that make them noticeably different from other rock
types in this area. Locally, these lavas suffered strong alteration
and metamorphism, resulting in invisibility of those volcanic
structures.

The granodiorite are widespread in the Weibao district but
might be unrelated to alteration and mineralization by virtue of
their space relationships. Undated monzonite porphyry with minor
Pb–Zn mineralization is found in the drill holes of both the Weixi
and Weidong ore blocks, indicating that alteration and mineraliza-
tion might genetically associate with them. Other igneous rocks,
such as mafic dykes, pyroxene diorite, rhyolite and porphyritic
granite, also occur within the Weibao deposit. Our unpublished
chronological data show that these intrusions mainly formed in



Fig. 3. Geological cross section along A–A0 in Fig. 2c. Note that the locations of two volcanic rock samples (samples I-93 and I-94) from the Main ore block are shown.

Fig. 4. Photographs of basaltic lavas from the Weibao deposit. a. Basaltic lavas intruded into limestone in the Weixi ore block, with a fracture between their contact zone. b.
Outcrops of basaltic lavas in the Weidong ore block. c. Hand-sized specimen showing an amygdaloidal structure. d. Amygdales filled with fluorite. e. Porphyritic basalts
showing phenocrysts of pyroxene (cross-polarized light). f. Amygdales consisting of carbonate in the core and chlorite in the rim (plane-polarized light).
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Lower Triassic (232–227 Ma), but minor formed in Early Devonian
(�408 Ma). Further investigation is needed to clearly illustrate the
temporal and spatial relationships between these igneous rocks
and mineralization.
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3. Sample description and analytical methods

3.1. Sample description

Lavas from the Weibao deposit are dark gray to black in color
and mostly preserve primary igneous textures, e.g., vesicular and
amygdaloidal structures (Fig. 4c, d, f). Typical amygdales are
composed of carbonate in the core and chlorite in the rim
(Fig. 4f), and others consist of carbonate or chlorite or fluorite
(Fig. 4d). Since the majority of lavas occurring within the Weibao
deposit underwent variable degrees of deformation and meta-
morphism, the utmost care was required in the selection and
treatment to reduce the influence introduced by these processes.
Seven least altered lava samples without evident vesicular and
amygdaloidal structures were analyzed in this study and detailed
descriptions were given in Table 1. These rocks are, in general,
basaltic and/or basaltic–andesitic in composition. The mineralog-
ical assemblages of these samples exhibit olivine, clinopyroxene,
amphibole, plagioclase, K-feldspar and magnetite. Texturally,
they are generally porphyritic (Fig. 4c) but in some cases they
are granular. The groundmass of these volcanic rocks is mainly
composed of holocrystalline to coarsely microcrystalline plagio-
clase, pyroxene and Fe–Ti oxides, and is commonly overprinted
by intergrowths of albite, actinolite and epidote with minor
oxide, carbonate and chlorite. The phenocrysts are predomi-
nantly composed of olivine, clinopyroxene and amphibole with
minor K-feldspar. Most of K-feldspar within these lavas are sec-
ondary and introduced by local potassic alteration. The phe-
nocrysts of plagioclase are either locally albitised or replaced
by an aggregate of microcrystalline epidote, calcite and chlorite,
whereas the pyroxene is typically replaced by ragged actinolite–
albite–epidote–chlorite–calcite intergrowths. These alteration
assemblages match well with metamorphism of rocks to lower
greenschist facies (e.g., Squire et al., 2006; Watchorn and
Wilson, 1989).
Table 1
Descriptions of samples from the Weibao deposit.

Sample
No.

Location Coordinate Texture Mineral compone

9901–6–1 Basalt WX E91�05021.8300

N37�07050.1400
Porphyritic
texture

Phenocrysts: plagi
olivine (5%); Matr
plagioclase, clinop
magnetite, and m

9901–6–2 Basalt E91�05021.8300

N37�07050.1400
Porphyritic
texture

Phenocrysts: plag
(10%) and brown h
ca.): microlites of
minor magnetite,

9901–7 Basalt E91�05021.8300

N37�07050.1400
Granular
texture

Plagioclase (60% c
olivine (5%), magn
ilmenite granules

I–93 Basaltic
andesite

M E91�0707.2600

N37�07055.5000
Porphyritic
texture

Phenocrysts: plag
hornblende (10%)
Matrix (40% ca.):
crowded with pla
magnetite granule

I–94 Basalt E91�0707.0800

N37�07054.4200
Granular
texture

Plagioclase (60% c
brown hornblende
minor ilmenite gr

WD–104 Basalt WD E91�10056.0200

N37�06012.2600
Granular
texture

Plagioclase (65% c
brown hornblende
granules

WD55 Basaltic
andesite

E91�11002.5800

N37�05055.6200
Porphyritic
texture

Phenocrysts: plag
hornblende (10%)
Matrix (55% ca.):
orthopyroxene an

Abbreviations: WX, Weixi ore block; M, Main ore block; WD, Weidong ore block.
3.2. Analytical methods

Zircons were separated from samples 9901G (37�0705500 N,
91�0502200 E; Fig. 2c) and WD55 (37�0505600 N, 91�1100300 E; Fig. 2b)
using magnetic and heavy liquid separation. Approximately 150
zircon grains from each sample were mounted and polished in
25-mm epoxy discs. The internal zoning patterns of the crystals
were observed by cathodoluminescence (CL) image analysis at
the Institute of Mineral Resources, Chinese Academy of Geological
Sciences (CAGS). Zircon was then analyzed for U–Th–Pb isotopic
dating by high-resolution ion microprobe (SHRIMP II) at the
SHRIMP Laboratory in Beijing SHRIMP Centre, CAGS. Instrumental
conditions and measurement procedures were similar to those
described by Compston et al. (1992). Spots of approximately
30-lm diameter were analyzed; seven scans through the critical
mass range were used for data collection. The U and Th contents
were calibrated using reference zircon of SL13 from Sri Lanka
(U = 238 ppm; 206Pb/238U = 0.0928; 572 Ma; Liu et al., 2004; Wan
et al., 2006). Repeated analyses of the standard during the analyt-
ical session were used to determine concentrations of U, Th and Pb
and to calibrate the inter-element isotopic ratios of the samples.
Data processing was carried out using the Squid and Isoplot
programs (Lugwig, 2001) and the measured 204Pb was used for
the correction of common lead. The errors given in Table 2 for
individual analyses are quoted at the 1r level, whereas the errors
for weighted mean ages given in Fig. 6, and in the text, are quoted
at 2r (95% confidence level).

Seven samples were collected for major and trace element
analyses and measured at the National Research Centre of
Geoanalysis, CAGS. They were trimmed to remove weathered
surfaces, cleaned with deionized water, crushed and then
powdered to 200-mesh using an agate mill. Major oxides were
analyzed by a SHIMADZU MRF-2100 X-ray Fluorescence Spec-
trometry (XRF), with FeO and loss–on–ignition (LOI) analyzed
by wet chemical methods. Analytical uncertainties were better
nts Alteration

oclase (30%), augite (10%) and
ix(50% ca.): microlites of
yroxene, minor olivine, minor
inor ilmenite

Minor pyroxene is replaced by actinolite–
albite–epidote–chlorite–calcite intergrowths;
plagioclase is replaced by albite and K-feldspar

ioclase (25%), clinopyroxene
ornblende (10%); Matrix(50%
plagioclase, clinopyroxene,
and minor ilmenite

Groundmass is overprinted by intergrowths of
albite and epidote with minor hematite,
carbonate and chlorite; minor K-feldspar occurs
as secondary stockworks

a.), clinopyroxene (15%),
etite (15%) and minor

Minor pyroxene is replaced by actinolite,
epidote and chlorite; minor plagioclase is
replaced by microcrystalline epidote, calcite and
chlorite; K-feldspar occurs as secondary
stockworks

ioclase (40%), brown
, and orthopyroxene (5%).
cryptocrystalline mass
gioclase microlites and
s

Plagioclase is replaced by albite and epidote;
minor K-feldspar occurs as secondary
stockworks

a.), clinopyroxene (15%),
(5%), magnetite (15%) and

anules

Plagioclase is replaced by albite and epidote;
Minor pyroxene is replaced by actinolite–
albite–epidote–chlorite–calcite intergrowths

a.), clinopyroxene (15%),
(5%) and magnetite (15%)

Minor chlorite and calcite replacing pyroxene

ioclase (35% ca.), brown
, and orthopyroxene (5%).
plagioclase, hornblende,
d magnetite

Plagioclase is replaced by albite and epidote;
minor K-feldspar occurs as secondary
stockworks



Table 2
SHRIMP zircon analyses of basaltic lavas from the Weibao deposit.

Spot 206Pbc/% U/ppm Th/ppm Th/U 206Pb⁄/ppm 206Pb/238U Age (Ma) 1r 207Pb/206Pb Age (Ma) 1r 208Pb/232Th Age (Ma) 1r 207Pb⁄/206Pb⁄ % 207Pb⁄/235U % 206Pb⁄/238U %

Weixi
9901G-1 0.00 983 410 0.42 52.7 390.7 3.6 378.1 29 387.7 6 0.0542 1.3 0.467 1.6 0.0625 0.9
9901G-2 �0.03 962 65 0.07 51.8 392.0 8.9 357.4 27 382.9 16 0.0537 1.2 0.464 2.6 0.0627 2.3
9901G-3 0.08 269 170 0.63 14.9 401.5 9.3 456.2 50 394.9 12 0.0561 2.3 0.497 3.3 0.0643 2.4
9901G-4 0.12 493 283 0.57 27.1 399.2 9.1 371.5 40 391.4 11 0.0540 1.8 0.476 3.0 0.0639 2.4
9901G-5 0.05 599 116 0.19 97.6 1119.3 24.0 1975.8 11 2058.3 51 0.1213 0.6 3.172 2.4 0.1896 2.3
9901G-6 0.23 216 117 0.54 47.4 1463.0 31.3 1544.1 20 1395.3 39 0.0958 1.1 3.366 2.6 0.2548 2.4
9901G-7 0.58 344 126 0.37 18.9 397.7 9.2 400.7 96 377.3 22 0.0547 4.3 0.480 4.9 0.0636 2.4
9901G-8 1.43 94 98 1.04 12.6 920.6 22.1 1115.4 137 1076.7 62 0.0768 6.9 1.625 7.3 0.1535 2.6
9901G-9 0.30 874 361 0.41 46.0 382.4 6.0 317.0 47 353.3 10 0.0527 2.0 0.444 2.6 0.0611 1.6
9901G-10 0.66 563 260 0.46 30.8 394.7 6.8 248.2 86 346.2 14 0.0512 3.8 0.445 4.2 0.0631 1.8
9901G-11 0.27 995 64 0.06 53.1 387.8 6.4 355.7 59 311.1 62 0.0536 2.6 0.458 3.1 0.0620 1.7
9901G-12 0.26 324 222 0.69 17.9 400.3 7.1 480.3 114 376.8 15 0.0567 5.2 0.501 5.5 0.0641 1.8
9901G-13 1.30 267 160 0.60 15.1 406.3 7.5 285.5 124 359.0 15 0.0520 5.4 0.466 5.8 0.0651 1.9
9901G-14 0.43 732 56 0.08 38.5 380.9 6.4 413.2 79 469.7 70 0.0550 3.5 0.462 3.9 0.0609 1.7

Weidong
WD55-1 0.34 689 284 0.41 36.9 387.9 3.7 274.0 33 353.2 6 0.0517 1.4 0.442 1.7 .0620 1.0
WD55-2 0.14 2711 1056 0.39 149.7 401.2 9.0 363.5 20 391.1 10 0.0538 0.9 0.476 2.5 0.0642 2.3
WD55-3 �0.05 201.90 132.93 0.66 28.04 966.6 21.5 1015.6 26 954.8 25 0.0731 1.3 1.630 2.7 0.1618 2.4
WD55-4 0.18 988 522 0.53 52.1 383.6 8.7 365.6 30 364.6 9 0.0539 1.4 0.455 2.7 0.0613 2.3
WD55-5 0.36 241 118 0.49 12.7 383.2 9.0 279.8 78 375.8 14 0.0519 3.4 0.438 4.2 0.0613 2.4
WD55-6 0.64 142.47 175.82 1.23 22.74 1092.1 24.6 1011.5 56 1061.1 31 0.0729 2.8 1.856 3.7 0.1846 2.4
WD55-7 1.54 426 152 0.36 22.2 374.1 8.7 506.3 174 370.1 34 0.0574 7.9 0.473 8.3 0.0597 2.4
WD55-8 0.10 180 114 0.63 9.7 393.3 9.4 354.9 124 387.5 18 0.0536 5.5 0.465 6.0 0.0629 2.5
WD55-9 0.02 3783 1661 0.44 213.5 410.1 9.2 390.2 13 403.1 10 0.0545 0.6 0.493 2.4 0.0657 2.3
WD55-10 0.30 512 298 0.58 27.8 394.2 6.1 467.0 55 375.2 10 0.0564 2.5 0.490 3.0 0.0631 1.6
WD55-11 0.08 3830 1687 0.44 215.4 408.4 5.9 376.5 16 393.8 7 0.0541 0.7 0.488 1.7 0.0654 1.5
WD55-12 0.54 192 122 0.63 10.5 395.1 7.0 447.7 171 409.3 22 0.0559 7.7 0.487 7.9 0.0632 1.8
WD55-13 1.27 111 49 0.44 6.0 387.7 7.5 259.2 215 391.7 29 0.0514 9.3 0.439 9.6 0.0620 2.0
WD55-14 0.36 583 345 0.59 32.2 400.2 6.2 369.6 56 374.5 10 0.0540 2.5 0.477 2.9 0.0640 1.6
WD55-15 1.23 333 153 0.46 18.1 390.8 6.9 175.9 254 362.4 35 0.0496 10.9 0.427 11.0 0.0625 1.8

Note: 206Pbc (%) represents the percentage of common 206Pb in total 206Pb; *denotes radioactivity lead; common Pb corrected using measured 204Pb.
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Fig. 5. CL images of zircons from basaltic lavas of the Weixi (sample 9901G) and the Weidong (sample WD55) ore blocks respectively. The locations for U–Pb (full circles) and
Lu–Hf analyses (dotted circles) are shown.

Fig. 6. SHRIMP Zircon U–Pb analyses for the basaltic lavas from the Weixi (sample 9901G) and the Weidong (sample WD55) ore blocks respectively.
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than 0.5% for all major elements. Trace elements were analyzed
by inductively coupled plasma mass spectrometry (ICP–MS)
using PE300D. Detailed analytical procedures were similar to
those described by Liu et al. (2016). Analyzed uncertainties of
ICP–MS data at the ppm level were better than 5%.
In situ zircon Hf isotopic analysis was conducted on the same
zircon grains that were previously analyzed for U–Pb dating, using
a Neptune MC–ICP–MS coupled to a GeoLas UP193 laser ablation
microprobe with a beam size of 44 lm and a laser pulse frequency
of 8–10 Hz at the State Key Laboratory of Continental Tectonics and



Table 3
Major, trace and rare earth element concentrations of the lavas from the Weibao deposit.

Location WX M WD

Sample 9901-6-1 9901-6-2 9901-7 I-93 I-94 WD-104 WD55
Basalt Basalt Basalt Basaltic andesite Basalt Basalt Basaltic andesite

SiO2 (wt%) 47.62 50.77 46.45 53.29 49.49 48.56 55.75
TiO2 1.54 1.28 1.43 1.61 2.15 1.94 0.96
Al2O3 15.45 13.32 14.59 14.06 14.04 14.18 15.39
Fe2O3

T 8.85 13.65 8.71 10.54 12.43 13.96 7.78
FeO 5.21 5.36 5.23 7.71 8.34 9.28 4.66
MnO 0.15 0.14 0.17 0.15 0.12 0.21 0.13
MgO 6.52 6.52 7.52 4.55 5.74 5.22 3.71
CaO 6.11 6.47 7.87 7.24 6.66 9.88 4.66
Na2O 1.50 1.96 2.13 3.89 3.49 2.77 3.53
K2O 6.18 4.94 4.13 2.73 2.70 0.20 3.80
P2O5 0.47 0.46 0.40 0.16 0.16 0.17 0.33
LOI 4.81 5.39 5.48 1.07 1.79 2.53 3.25
La (ppm) 22.9 25.3 20.8 17.8 17.2 7.5 36.6
Ce 63.7 68.7 55.1 37.5 36.5 19.4 75.2
Pr 9.6 10.4 8.2 4.9 4.8 2.9 9.1
Nd 44.6 45.4 37.2 21.2 21.2 14.3 33.8
Sm 10.4 10.2 8.9 5.7 5.6 4.4 6.6
Eu 2.8 3.2 2.6 1.6 1.8 1.5 1.7
Gd 8.5 8.9 7.5 5.1 5.6 5.2 6.1
Tb 1.3 1.2 1.1 0.8 0.9 0.9 0.9
Dy 6.2 6.1 5.5 4.7 5.4 5.4 4.8
Ho 1.1 1.2 1.0 0.9 1.1 1.1 1.0
Er 3.1 3.1 2.7 2.5 2.8 2.8 2.7
Tm 0.4 0.4 0.4 0.3 0.4 0.4 0.4
Yb 2.7 2.6 2.3 2.0 2.4 2.4 2.5
Lu 0.4 0.4 0.3 0.3 0.4 0.4 0.4
Y 29.0 35.1 26.0 24.1 26.2 28.3 29.7
Rb 647.0 620.8 429.0 287.0 333.0 5.6 190.1
Ba 1311.0 931.8 870.0 2209.0 862.0 563.0 1079.4
Th 3.5 3.0 3.0 2.7 2.5 0.9 8.1
U 0.9 0.8 0.7 0.5 0.5 0.3 2.2
Ta 0.4 0.5 0.3 1.2 1.2 0.5 0.8
Nb 5.5 7.3 4.6 17.1 19.4 7.0 13.6
Sr 468.0 638.6 527.0 314.0 666.0 986.0 665.0
Zr 182.0 200.8 160.0 138.0 142.0 107.0 194.6
Hf 5.0 4.2 4.3 3.9 4.1 3.3 4.3
Ni 39.2 77.5 72.6 80.4 119.0 74.0 21.6
Cr 113.0 309.6 249.0 165.0 272.0 77.5 43.8
Mg# 0.59 0.49 0.63 0.46 0.48 0.43 0.49
(La/Sm)N 1.42 1.60 1.51 2.02 1.99 1.11 3.58
Eu/Eu⁄ 0.89 1.01 0.95 0.90 0.94 0.96 0.83
Ce/Ce⁄ 1.05 1.04 1.04 0.97 0.97 1.03 0.98

Abbreviations: WX, Weixi ore block; M, Main ore block; WD, Weidong ore block. Eu/Eu⁄ = EuN/[(Sm + Gd)N/2]; Ce/Ce⁄ = CeN/[(La + Pr)N/2]. N-chondrite-normalized ratio.
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Dynamics, CAGS. Helium was used as the carrier gas during the
analysis and international standard zircon samples GJ–1 were used
as reference. Detailed analytical procedures were similar to those
described by Wu et al. (2006).
4. Results

4.1. Zircon U–Pb geochronology

Sample 9901G (basalt from the Weixi ore block): Zircons
separated from sample 9901G are mostly prismatic and euhedral
in morphology ranging from 150 � 40 lm to more equant
40 � 40 lm grains, and transparent and light brown in color
(Fig. 5). The CL images show that only few zircons within the
sample are characterized by an inherited core and a rim with
oscillatory zoning (Fig. 5; grain 9901G-5), others have commonly
concentric oscillatory zoning with low to variable luminescence
(Fig. 5), an indicative of magmatic origins. Fourteen single grains
of zircon with different textures were analyzed, giving a wide
range in uranium (65–875 ppm) and thorium (56–260 ppm) con-
tents, as well as Th/U ratios ranging from 0.07 to 1.07 (mostly
0.38–0.71) (Table 2). A subset of three grains with core-rim struc-
tures yields variably Mesoproterozoic to Neoproterozoic dates
(1463.0–920.6 Ma), probably owing to core-rim overlap. They
roughly represent the crystallization ages of inherited or captured
zircons entrained by the basalt, similar to the age of wall rocks (i.e.,
the Langyashan Formation) in the Weibao district. The remaining
data define a linear array on the concordia diagram (Fig. 6) and
are anchored by a cluster of concordant analyses, yielding a
weighted mean 206Pb/238U data of 392.0 ± 5.0 Ma (Fig. 6). This
age represents the timing of eruption of volcanic rocks.

Sample WD55 (basaltic andesite from the Weidong ore block):
Zircons of sample WD55 are generally euhedral and prismatic in
morphology, and transparent and pale yellow in color with
40–160 lm in length and 30–60 lm in width (Fig. 5). Zircon anal-
ysis results of this sample are very similar to those of sample
9901G, and the interpretation is therefore identical. The well-
developed tetragonal dipyramids and oscillatory zoning in zircon
crystals of sample WD55, manifested by the CL images, suggest
an igneous origin. This is further confirmed by relatively high Th/
U ratios of these zircons (0.37–1.28). Minor zircons, however,
manifest a core-rim structure (Fig. 5; grain WD55-6), similar to
that in sample 9901G. Zircon grains of sample WD55 have a highly
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wide range in uranium (111–3830 ppm) and thorium (49–
1687 ppm) concentrations (Table 2). Among fifteen zircon grains
analyzed, grains 3 and 6 yield disconcordant ages (966.6–
1092 Ma) that can be interpreted to be ages of inherited or cap-
tured zircons entrained by the volcanic rocks. The remaining 13
zircon grains form a cluster on the concordia plot with a weighted
mean 206Pb/238U age of 393.0 ± 5.5 Ma (Fig. 6). This is the best esti-
mate of the age of volcanic eruption.

Overall, our SHRIMP U–Pb zircon dating results indicate that the
lavas within the Weibao deposit are synchronous and erupted at
around 393 Ma.

4.2. Whole–rock geochemistry

Major and trace element analyses are presented in Table 3.
The relatively high loss on ignition (LOI; 1–5 wt.%) manifests

the existence of weathering and/or calcite inclusions within the
lavas. These volcanic rocks have a wide range of SiO2, MgO,
Fe2O3 and CaO compositions, with SiO2 = 46.45–55.75 wt.%,
MgO = 3.71–7.52 wt.%, Fe2O3 = 7.78–13.96 wt.% and CaO = 4.66–
9.88 wt.%. In contrast, the concentrations of Al2O3 (13.32–
15.45 wt.%), TiO2 (0.96–2.15 wt.%), P2O5 (0.16–0.47 wt.%) and
MnO (0.12–0.21 wt.%) are relatively consistent. Besides, apart from
sample WD-104 showing low alkali contents (K2O = 0.2 wt.%, K2O
+ Na2O = 2.97 wt.%), the remaining samples are high in total alkalis
(K2O = 2.70–6.18 wt.%, K2O + Na2O = 6.19–7.18 wt.%). We have
classified the lavas using the total alkalis (K2O + Na2O) vs SiO2

(TAS) classification diagram (Fig. 7). All the samples, with the
exception of sample WD–104 (plotting in sub-alkaline basalt field),
fall into the alkaline field and classify as tephrite basanite, trachy-
basalt and basaltic trachy-andesite. However, we suspect that the
alkaline character of these volcanic rocks is not primary and might
have been introduced by potassic alteration, as described in Sec-
tion 3.1. The absence of common alkaline minerals, e.g., feld-
spathoids (nepheline, leucite and sodalite), also demonstrates
that this alkaline character of the Weibao volcanic rocks is not pri-
mary. In Harker variation diagrams (Fig. 8), MgO, MnO and CaO
display constant decreases with increasing SiO2, whereas other
major elements do not show unified variation trends.

In chondrite-normalized rare earth elements (REE) diagrams
(Fig. 9a–c), Eu anomalies are not present within all samples, indi-
cating that they did not experience fractional crystallization of
feldspar. Besides, most of the basalt samples are enriched in light
Fig. 7. Total alkalis (K2O + Na2O) vs SiO2 (TAS) classification diagram of volcanic
rocks from the Weibao deposit (boundaries after Le Bas et al., 1986). We suggest
that the alkaline feature displayed by the majority of the volcanic rocks from the
Weibao deposit is mainly caused by alteration. See Sections 3.1 and 4.2 for details.
rare earth element (LREE) [(La/Sm)N = 1.4–3.6; generally 1.4–2.0;
Table 3], thus manifesting LREE-enriched patterns (Fig. 9a–c),
whereas sample WD-104 displays a relatively flat pattern in
chondrite-normalized diagram [(La/Sm)N = 1.1] (Fig. 9c). Notice-
ably, the samples with high LREE generally display evident enrich-
ment in Rb, Ba and K contents and depletion in Th, U, especially Nb
and Ta contents relative to the adjacent large ion lithophile
elements (LILE) and high field strength elements (HFSE) in primi-
tive mantle-normalized patterns (e.g., Fig. 6d). Specially, with the
exception of Ba and Sr, sample WD–104 also manifests a relatively
flat pattern in Fig. 9f.
4.3. Zircon Hf isotopes

Zircon Hf isotope analyses for the volcanic rocks of the Weibao
deposit are given in Table 4.

Sample 9901G: Eleven spot analyses were obtained for sample
9901G from the Weixi ore block, with 176Hf/177Hf ratios exhibiting
a relatively wide isotopic range from 0.28247 to 0.28276. Spots 2
and 14 give negative eHf(T) values of �2.6 and �1.0 respectively,
whereas the remaining 9 spots show positive values ranging from
+0.9 and +7.3 (mostly +2.9–+6.0). Therefore, in Fig. 10 the eHf(T)
values of sample 9901G display a bimodal distribution.

Sample WD–55: 13 spot analyses were obtained for sample
WD–55 from the Weidong ore block. Similar to sample 9901G,
the majority of zircons yield 176Hf/177Hf ratios between 0.28261
and 0.28276, corresponding to eHf(T) values between +1.8 and
+7.5 (mostly +3.4–+6.9). This is noticeably deviated with the other
two spots displaying low 176Hf/177Hf ratios (0.28245–0.28251) and
negative eHf(T) values (�2.0 to �1.2). Likewise, a nearly bimodal
distribution pattern is shown for the eHf(T) values of sample
WD55 (Fig. 10).
5. Discussion

5.1. Screening for alteration

In order to identify primary geochemical signatures for evaluat-
ing petrogenesis and geodynamic setting, it is essential to
eliminate the effects resulted from alteration and metamorphism
(e.g., Manikyamba et al., 2009). To achieve this objective, careful
sample collection and selection based on field documentation
and mineralogical-geochemical assessment of alteration features
is pivotal. For the volcanic rocks from the Weibao deposit, least
altered samples for geochemical analysis were selected based on
petrographical preservation of primary igneous textures and
absence of amygdaloidal textures, therefore ensuring the accuracy
and representativeness of the geological survey. Selecting suitable
geochemical diagrams is another important aspect, as suggested by
Pearce (1996). Post-eruption element mobility might result in
highly variable alkali contents of the Weibao volcanic rocks, thus
reducing the credibility of TAS (Fig. 7) and SiO2 vs. K2O diagrams
(not shown). In contrast, it has been demonstrated that REE, HFSE,
V, Al and Sc remain unaffected in rocks which have suffered alter-
ation and greenschist facies metamorphism (e.g., Manikyamba
et al., 2009; Pearce and Norry, 1979). Accordingly, the magmatic
affinities of igneous rocks can be determined by the values and
trends of these major and trace elements (e.g., Pearce, 1982;
Squire et al., 2006 and references therein). In this study, the major-
ity of diagrams are therefore based on the immobile elements
rather than the usual major elements, such as Mg, Na, K and Si,
which are alteration-dependent (Pearce, 1996). Nevertheless,
Pearce (1982) argued that immobile element (e.g., LREE) might also
become mobile by increased temperature and the formation of
chloride, and other, complexes. For the Weibao volcanic rocks, this



Fig. 8. Harker diagrams showing the variations in major element behaviors with increasing SiO2. The symbols are as in Fig. 7.
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scenario can be precluded in terms of the LREE mobility evaluated
by Ce/Ce⁄ ratios. Generally, mafic volcanic rocks having Ce/Ce⁄

ratios between 0.9 and 1.1 manifest limited LREE mobility whereas
those with Ce/Ce⁄ < 0.9 and >1.1 are characterized by LREE
mobility (Polat and Kerrich, 2002; Manikyamba et al., 2009). Con-
sequently, the indistinctive Ce anomalies (Ce/Ce⁄ = 0.97–1.05) of
the volcanic rocks from the Weibao deposit, as well as the highly
coherent REE patterns (Fig. 9a–c) and relatively consistent multi-
element patterns (Fig. 9d–f), firmly endorse limited mobility of
those elements.

5.2. Implication of SHRIMP zircon U–Pb ages

The SHRIMP zircon U–Pb ages that we report in this study can
be subdivided into two groups. One group displays old ages
(1.4–0.9 Ga) that are consistent well with the age of the host rock
in the Weibao deposit. Therefore, these ages could be interpreted
to represent ages of inherited or captured zircons entrained by
the volcanic rocks. The other age group of �393 Ma is dominant
and much younger, which could represent the age of volcanic
eruption. It might be suspected that this young age have resulted
from retrograde overprint of alteration and greenschist facies
metamorphism. We, however, consider this to be unlikely for the
following reasons: (1) most analyzed zircon grains develop con-
centric oscillatory zoning as well as high Th/U ratios (mostly
0.38–0.71), and thus can be noticeably distinguished from meta-
morphic zircons that usually have rounded shape and low Th/U
ratios (e.g., Vavra et al., 1996); (2) the upper limit of metamor-
phism temperatures of greenschist facies is 550–525 �C (Winkler,
1957), whereas the closure temperature of uranium and lead
isotopic system in zircon is ca. 850 �C and/or even higher (Lee
et al., 1997; Cherniak and Watson, 2001; Coleman et al., 2004;
Hourigan et al., 2004; Flowers et al., 2005). Thus, subsequent alter-
ation and greenschist facies were obviously not strong enough to
cause resetting of the uranium and lead isotopic system in zircon.
Consequently, we confirm that the basaltic rocks in the Weibao



Fig. 9. Chondrite-normalized REE (a–c) and primitive mantle-normalized trace element diagrams (d–f) for the volcanic rocks from the Weibao deposit. The chondrite and PM
values are from Sun and McDonough (1989).
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deposit erupted in Middle Devonian. Combined with our unpub-
lished dating data with regard to porphyritic granites (�408 Ma)
in the Weibao deposit, it can be inferred that igneous events were
active in Early to Middle Devonian in the Weibao district.

Actually, the Early–Middle Devonian igneous activity did not
only occur in the Weibao area. Large numbers of geochronological
data have revealed that igneous activities coeval with basaltic
eruption in the Weibao deposit are widespread along the entire
EKOB. Wang et al. (2013) reported a syenogranite U–Pb age of
391.1 ± 1.4 Ma in the Xiarihamu district; Gao et al. (2014b)
reported monzogranite and granodiorite U–Pb ages of 393 ± 2 Ma
and 386 ± 1 Ma respectively in Yemaquan district; Hao et al.
(2015) showed that granite porphyry in the Qunli district formed
in 391.3 ± 3.2 Ma; newly discovered mafic dyke swarms in the
eastern section of the EKOB were also demonstrated to form in
Middle Devonian (�393 Ma; Xiong et al., 2014). Besides, mafic
intrusions, such as gabbro in Kayakedengtage complex, are also
confirmed to form simultaneously (403.3 ± 7.2 Ma; Chen et al.,
2006). Apart from these intrusions, the Devonian volcanic eruption
was further manifested by the occurrence of rhyolite (432–
400 Ma; Lu et al., 2010) and dacite (406.1 ± 2.9 Ma; Zhang et al.,
2010) in the Maoniushan Formation. All these data, together with
ages obtained by this study, indicate strong interactions between
crust and mantle during Early–Middle Devonian in the EKOB.
5.3. Role of fractional crystallization in petrogenesis

Although the effects of fractional crystallization can be very dif-
ficult to distinguish from those of partial melting, the use of com-
patible–incompatible elements plots may still be useful. The
abundances of compatible elements (e.g., Ni and Cr) and incompat-
ible elements (e.g., Th, La and Nd) in the magmas would be
expected to decrease and increase respectively when ferromagne-
sian minerals such as olivine, clinopyroxene and amphibole are
fractionated from the magmas (e.g., Aldanmaz et al., 2000). The
plots in Fig. 11 display that increases in compatible and decreases
in incompatible element concentrations are accompanied by
decreasing of SiO2 contents. This just matches well with the evolu-
tion trend expected during fractional crystallization.

The behavior of fractionation can also be constrained by Rb–Y
diagram (Fig. 12). Different from rubidium, yttrium generally
strays broadly constant at mafic–intermediate compositions,
which can be illustrated by amphibole fractionation (Lambert
et al., 1974; Pearce et al., 1990). Therefore, the nearly constant Y
contents with increasing of Rb contents in the Weibao volcanic
rocks confirm the significant fractionation of amphibole in the ori-
gin of these rocks. This is also supported by the negative correla-
tions of MgO, MnO and CaO with increasing SiO2 which result
from amphibole fractionation. Amphibole can be a liquidus phase



Table 4
Zircon in situ Hf isotopic data of the lavas from the Weibao deposit.

Sample 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2r 176Hf/177Hfi eHf(0) eHf(T) 2r fLu/Hf

9901G
9901G-01 0.042480 0.001358 0.282574 0.000019 0.282564 �7.4 0.9 0.68 �0.96
9901G-02 0.015339 0.000450 0.282467 0.000016 0.282464 �11.2 �2.6 0.57 �0.99
9901G-03 0.077534 0.002264 0.282636 0.000021 0.282619 �5.3 2.9 0.76 �0.93
9901G-04 0.037566 0.001166 0.282658 0.000021 0.282650 �4.5 4.0 0.75 �0.97
9901G-07 0.061015 0.001848 0.282649 0.000022 0.282635 �4.8 3.4 0.76 �0.95
9901G-09 0.092596 0.002919 0.282728 0.000018 0.282707 �2.0 6.0 0.62 �0.91
9901G-10 0.048077 0.001544 0.282755 0.000018 0.282743 �1.1 7.3 0.63 �0.95
9901G-11 0.041592 0.001373 0.282666 0.000016 0.282656 �4.2 4.2 0.58 �0.96
9901G-12 0.066151 0.002003 0.282711 0.000019 0.282696 �2.6 5.6 0.68 �0.94
9901G-13 0.045608 0.001491 0.282659 0.000022 0.282648 �4.4 3.9 0.78 �0.96
9901G-14 0.048814 0.001644 0.282521 0.000022 0.282509 �9.3 �1.0 0.77 �0.95

WD55
WD55-01 0.053412 0.001667 0.282762 0.000020 0.282750 �0.8 7.5 0.7 �0.95
WD55-02 0.070224 0.002234 0.282728 0.000017 0.282711 �2.0 6.2 0.6 �0.93
WD55-04 0.126605 0.004191 0.282619 0.000022 0.282588 �5.9 1.8 0.8 �0.88
WD55-05 0.043323 0.001404 0.282725 0.000019 0.282715 �2.1 6.3 0.7 �0.96
WD55-07 0.047884 0.001507 0.282674 0.000017 0.282663 �3.9 4.4 0.6 �0.96
WD55-08 0.045165 0.001432 0.282743 0.000020 0.282732 �1.5 6.9 0.7 �0.96
WD55-09 0.116084 0.003645 0.282736 0.000021 0.282709 �1.7 6.1 0.7 �0.89
WD55-10 0.045211 0.001440 0.282644 0.000016 0.282633 �5.0 3.4 0.6 �0.96
WD55-11 0.032635 0.000997 0.282510 0.000019 0.282502 �9.7 �1.2 0.7 �0.97
WD55-12 0.064204 0.002021 0.282653 0.000024 0.282639 �4.7 3.6 0.85 �0.94
WD55-13 0.068391 0.002170 0.282743 0.000020 0.282727 �1.5 6.7 0.7 �0.94
WD55-14 0.018822 0.000630 0.282707 0.000019 0.282703 �2.7 5.8 0.7 �0.98
WD55-15 0.039088 0.001088 0.282489 0.000023 0.282481 �10.5 �2.0 0.8 �0.97

T = 393 Ma, roughly representing the crystallization age of the basalts within the Weibao district. k = 1.867 � 10�11 year�1, decay constant of 176Lu (Söderlund et al., 2004).
The 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and depleted mantle at the present are 0.282785 and 0.0336, and 0.28325 and 0.0384, respectively (Bouvier et al., 2008 and
Griffin et al., 2000).
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in basaltic to basaltic–andesite magmas under near water-
saturated conditions (>10 wt.% H2O at 15 kb) at depths of around
25–80 km (8–25 kb) (Pearce et al., 1990). With the uplifting of
these magmas, crystallization should initially be amphibole-
dominated with subordinate minerals, such as pyroxene and mag-
netite. This hydrous, amphibole-bearing crystallization history is
further illustrated by the REE patterns showing no increase or a
decrease of the MREE and HREE, analogous to that found within
the volcanic rocks from Eastern Anatolia (Pearce et al., 1990).

Overall, the major and trace element behaviors can thus be seen
to highlight a hornblende-dominated fractionation during eruption
of volcanic rocks. However, the majority of major elements plot
scattered in Harker diagrams (Fig. 8), indicating that the genesis
of these basaltic volcanic rocks cannot be fully explained by the
single mechanism of fractional crystallization. Other mechanisms,
such as partial melting, must also play an important role in the
generation of these basaltic magmas.

5.4. The sources of early paleozoic–middle Devonian magmatism in
the EKOB

5.4.1. Crustal contamination?
The role of crustal contamination must be considered since

basaltic magmas are eventually emplaced in a continental setting.
Generally, crustal contamination would result in increases of SiO2,
and decreases of MgO and Mg# in melts. Volcanic rocks from the
Weibao deposit display low SiO2 (46.45–55.75 wt.%), and high
MgO (3.71–7.52 wt.%) and Mg# (0.43–0.63), therefore ruling out
significant crustal contamination. Additionally, crustal contamina-
tion can result in Th/Yb ratios correlating with silica content
(Aldanmaz et al., 2000), whereas the Th/Yb ratios of the Weibao
volcanic rocks are extremely scattered with the increasing silica
content in Fig. 13 (shown as inset diagram). Moreover, since Pre-
cambrian gneiss in the EKOB is characterized by extremely
enriched initial eHf(T) values (�12 to �15; Chen et al., 2007),
incorporation of even a small amounts of this old continental com-
ponents in the melts would remarkably change their isotopic com-
positions. However, zircon initial eHf(T) values of volcanic rocks
from the Weibao deposit are much higher, ranging from �2.6 to
+7.5 (mostly +3.4 to +7.5), therefore further indicating that the
geochemical composition of the Weibao volcanic rocks cannot be
shifted enough by crustal contamination to mask the character of
their mantle source.

In conclusion, we argue that contributions from crustal contam-
ination are negligible for the Weibao volcanic rocks and their com-
positions can therefore be used to study their mantle source.

5.4.2. The mantle source of volcanic rocks in the Weibao deposit
Magmatic rocks derived from depleted mantle should be

characterized by positive eNd(T) values and extremely high eHf
(T) values (normally >+10) (Fig. 14). However, zircon initial eHf
(T) values of volcanic rocks from the Weibao deposit are relatively
low, ranging from �2.6 to +7.5 (mostly +3.4 to +7.5). Normal
convecting asthenospheric mantle with a depleted mantle-like iso-
topic composition therefore cannot account for those low eHf(T)
ratios, as well as the observed features of trace and rare earth ele-
ments (e.g., strong depletion of HFSE). Rather, this feature can only
be reconciled by mixing between the depleted mantle and crustal
components in their sources, although the overwhelmingly posi-
tive eHf(T) values of zircons indicate that they should be predom-
inantly derived from depleted mantle (and hence asthenospheric
mantle).

Previous works have illustrated that subducted components
(fluids derived from slab dehydration and/or melts derived from
subducted sediments) can result in the ‘‘crustal” signature in the
magma source (e.g., Gasparon and Varne, 1998). Besides, rocks
originating from the mantle enriched by subducted components
display selective enrichment in LILE (such as Sr, K, Rb, Ba, Th and
LREE) relative to HFSE (e.g., Pearce et al., 1990; Weaver, 1991;
Cervantes and Wallace, 2003; Mazzeo et al., 2014). Moreover, a
mantle source will show a significant increase in Th/Yb ratios but
indistinctive shift on Ta/Yb ratios if they are enriched by



Fig. 10. Histogram of eHf(T) values for zircons from volcanic rocks in the Weibao
deposit.

Fig. 11. (a) Ni (compatible element); and (b) Th (highly incompatible element)
plots against SiO2 showing possible fractional crystallization and partial melting
trends for the volcanic rocks from the Weibao deposit. The symbols are as in Fig. 7.
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slab-induced fluids (Pearce et al., 1990; Pearce and Peate, 1995;
Gorton and Schandl, 2000). The Weibao volcanic rocks are selec-
tively enriched in LILE relative to HREE (Fig. 9). On Ta/Yb against
Th/Yb diagram (Fig. 13), all the samples within the Weibao deposit
display high Th/Yb ratios relative to mantle array, forming a
roughly vertical trend. These features match well with those of vol-
canic rocks generated by arc volcanism. Numerous studies have
suggested that igneous rocks with volcanic arc-like signatures do
not necessarily imply a subduction setting (e.g., Pearce et al.,
1990; Notsu et al., 1995; Peccerillo, 1998; Aldanmaz et al., 2000;
Xia, 2014; Wang et al., 2016); rather, they might be associated with
magma sources enriched by pre-collision subduction events
(Pearce et al., 1990; Notsu et al., 1995; Peccerillo, 1998;
Aldanmaz et al., 2000). It is very likely that the Weibao volcanic
rocks were produced in such a similar regime considering that they
are virtually generated in a post-collisional environment (see Sec-
tion 5.5 for more details). If this interpretation is correct, the
enriched isotopic feature [e.g., low eHf(T) values] of the Weibao
volcanic rocks might be most probably generated by the sediments
and/or fluids introduced by the subducted slab, just like that found
in the Variscan French Massif Central where the post-collisional
mafic magmatism was believed to be derived from a hybrid source
comprising of depleted mantle and subducted components
(Couzinié et al., 2016).

To understand the whole evolution process of the Weibao
region, the remaining task is to quantify the relative contribution
of two dominant end-members (and hence asthenospheric mantle
and subducted components). Currently, it is not yet possible, how-
ever, to model this because of the lack of systematic isotopic data
(e.g., Sr–Nd–Pb).
5.4.3. The sources of Early paleozoic–middle Devonian magmatism in
the EKOB

In Fig. 14, initial eHf(T) values are shown for the Early
Paleozoic–Middle Devonian igneous rocks in the EKOB. Despite of
the discrepancies of rock types, it is displayed that identical to
the �393 Ma volcanic rocks in this study, Early Paleozoic–Middle
Devonian magmatic rocks in the EKOB are also characterized by
moderate eHf(T) ratios (mostly �3 to +10) which therefore might
indicate a similar genesis among them. This is further
demonstrated by the consistent Sr–Nd isotopes for the Early
Paleozoic–Middle Devonian magmatic rocks in the EKOB that are
all characterized by slightly enriched initial 87Sr/86Sr (0.7054 to



Fig. 12. Rb–Y diagram highlighting the fractionation process. Three distinct trends
commonly can be recognized, as illustrated by Pearce et al. (1990): the trend of
increasing Y and Rb (the bold solid line) which could be interpreted as dominated
by POAM (plagioclase, olivine, pyroxene, magnetite) fractionation; a trend of nearly
constant Y (the dashed line) best explained in terms of amphibole-dominated
fractionation; and a declining trend (the dot dash line) best explained in terms of
fractionation involving garnet. Note that the samples from the Weibao deposit
match well with the amphibole-dominated fractionation trend. The symbols are as
in Fig. 7.

Fig. 13. Ta/Yb vs Th/Yb diagram for the volcanic rocks from the Weibao deposit
(modified after Pearce et al., 1990; Aldanmaz et al., 2000; and references therein).
The diagonal trend (i.e., mantle array) constrained by constant Th/Ta ratios
represents basaltic magmas derived from the mantle asthenosphere (and hence
depleted mantle), plume asthenosphere or mantle lithosphere modified by melts
from asthenosphere. Note that the samples from the Weibao deposit exhibit a
consistent displacement from the mantle array indicating subduction-related
metasomatism. The inset diagram shows the variations of Th/Yb with changing
silica contents of the rocks. See Section 5.4.2 for further discussions. The symbols
are as in Fig. 7.
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0.7240) and eNd(T) values (�5.3 to +3) compared to depleted man-
tle (Liu et al., 2013; Zhang et al., 2014; Xiong et al., 2015). Com-
bined with major and trace elements of the Xiadawu appinitic
pluton, Xiong et al. (2015) suggested that those enriched feature
indicated a depleted mantle source which was metasomatised by
subducted sediment-derived felsic melts, which is just like that
for the Weibao volcanic rocks. A similar interpretation emphasiz-
ing hybridization in the source was also proposed by Hao et al.
(2015) for the Devonian post-collisional granitoids in the EKOB.

Collectively, we argue that Early Paleozoic–Middle Devonian
magmatism in the EKOB has similar magmas sources that are char-
acterized by mixing of depleted mantle and crustal components
(especially subducted components) with variable ratios. This fea-
ture also manifests strong interaction between mantle and crust
during Early Paleozoic–Middle Devonian magmatic rocks in the
EKOB, which might play an important role in the crustal evolution
in the EKOB (e.g., Couzinié et al., 2016).
5.5. Tectonic setting

The trace element diagrams, especially those constrained by
HFSE such as Ta, Th, Nb, Zr, can successfully identify tectonic envi-
ronments of basaltic rocks. In this study, Cr–Y, Hf/3–Th–Nb/16, and
Zr/Y–Zr diagrams (Fig. 15) are employed to examine the tectonic
setting of the Weibao volcanic rocks. The samples plot mainly
within the transitional field of VAB and WPB in Cr–Y and Hf/3–
Th–Nb/16 diagrams (Fig. 15a, b). In Zr/Y–Zr diagram (Fig. 15c),
with the exception of sample WD–104, all the others plot into
WPB field. Pearce (1996) suggested that volcanic rocks with fea-
tures (plotting in both the VAB and WPB fields) were most likely
to have erupted in a post-collisional setting. For the Middle Devo-
nian Weibao volcanic lavas, a post-collisional setting rather than a
subduction environment is further demonstrated by the following
evidence. (1) Although the exact closure time of the Proto-Tethys
Ocean in the EKOB is controversial, the occurrence of syn-
collision granitoids with ages of 430.8 Ma to 428.5 Ma (Cao et al.,
2011; Wu et al., 2012) and deposition of molasses sediments of
the Maoniushan Formation (ca. 423–400 Ma; Lu et al., 2010;
Zhang et al., 2010) suggest that subduction had ceased before
Devonian; therefore, the Middle Devonian Weibao volcanic rocks
could not form in a subduction setting. (2) Early to Middle Devo-
nian granitoids in the EKOB are represented by Yemaquan granodi-
orite (403.7 ± 2.9 Ma), Qunli granite porphyry (391.3 ± 3.2 Ma),
Kayakedengtage granodiorite (380.52 ± 0.92 Ma) and Yuejinshan
granodiorite (407 ± 3 Ma), all of which were confirmed to be
post-collisional granitoids (Liu et al., 2012; Hao et al., 2015). (3)
Moreover, Early Devonian mafic igneous activities in the Yuejin-
shan area were also demonstrated to be related to the extension
in a post-collisional setting (Liu et al., 2012). Therefore, a post-
collisional setting is reasonable to explain the genesis of the Middle
Devonian Weibao basaltic lavas.

Recently, two tectonic models with regard to the evolution of
the Qimantagh area during Early Paleozoic to Devonian were pro-
posed by Hao et al. (2015) and Meng et al. (2015), respectively. The
former successfully illustrated most tectono-magmatic events dur-
ing this period, whereas the history with regard to the post-
collisional stage of the Qimantagh area was not mentioned in this
model. The other model proposed by Hao et al. (2015) emphasised
the evolution from syn- to post-collisional stages during Early Pale-
ozoic within the Qimantagh area, but the evolution process before
the collision between the NEKT and Qaidam terrain (QT) was not
well displayed. Therefore, it is necessary to reconstruct an Early
Paleozoic to Devonian tectonic model in order to better understand
the overall geodynamic evolution from subduction to post-
collision in this region.



Fig. 14. Compilation of available in-situ Hf isotope data for zircons from the EKOB as a function of their intrusion age. Data sources: the 393 Ma monzonitic granite and the
386 Ma granodiorite in the Yemanquan district (Gao et al., 2014b); the �393 Ma mafic dykes in the east of the EKOB (Xiong et al., 2014); the �447 Ma and 450.9 Ma appinites
in the Xiadawu pluton (Xiong et al., 2015); the 436 Ma granodiorite in the Buqingshan tectonic mélange belt (Li et al., 2015); the 383 Ma diabase, 408 Ma porphyritic granite
(unpublished data) and �393 Ma basaltic lavas (this study) in the Weibao district. Subducted-related and post-collisional magmatism is subdivided according to Section 5.5.

Fig. 15. Tectonic discrimination diagrams for the volcanic rocks within the Weibao deposit. (a) Y–Cr diagram (Pearce, 1982). (b) Hf/3–Th–Nb/16 diagram (Wood, 1980). (3)
Zr–Zr/Y diagram (Pearce and Norry, 1979). Abbreviations: VAB–volcanic arc basalts; MORB–mid-ocean ridge basalts; N-MORB–normal mid-ocean ridge basalts; E-MORB–
enriched mid-ocean ridge basalts; WPB–within-plate basalts. The symbols are as in Fig. 7.
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In Fig. 16 an internally consistent tectonic model for the evolu-
tion of the Qimantagh area with regard to Early Paleozoic is repre-
sented, and takes into account the results of recent
geochronological data within the Qimantagh area as well as the
data in this paper. Three main stages from subduction to syn-
collision to post-collision extensional environments are
recognized:
(1) Subduction (508–�430 Ma; Mo et al., 2007; Cui et al., 2011;
Li et al., 2013; Wang et al., 2014; Meng et al., 2015; and ref-
erences therein).
As a part of Proto-Tethys Ocean, the Qimantagh ocean might
have formed in Early Cambrian (Mo et al., 2007; Meng et al.,
2015; and references therein). Subsequently, northward
subduction of the NEKT towards the QT was initiated during



Fig. 16. Schematic cross-sections of the tectonic evolution of the Qimantagh area highlighting the genesis of the volcanic rocks within the Weibao deposit. Sections are
roughly drawn in a south–north direction (present day coordinates).
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Middle Cambrian to Early Ordovician (508–480 Ma) (Mo
et al., 2007; Cui et al., 2011; Li et al., 2013), forming Heishan
mafic–ultramafic complex (486 Ma; Meng et al., 2015) and
Yaziquan diorite (480 Ma; Cui et al., 2011), as well as mas-
sive mafic and intermediate volcanic rocks (Sun et al.,
2012; Zhang et al., 2015). This subduction was almost simul-
taneous with that in North Qilian (Mo et al., 2007; Xiao et al.,
2009; and references therein). During subduction, the melts
derived from subducted sediments and fluids rising from the
sinking slab with remarkable enrichment of LILE relative to
HFSE and relatively low zircon Hf isotopes gave rise to
chemical modification of the overlying mantle. Conse-
quently, the asthenospheric mantle above the subducted
slab, which was thought to become the main source of the
Weibao volcanic rocks in the later evolution progress,
showed significant increases in LILE, e.g., Rb, Ba and LREE,
as well as slightly enriched eHf values.

(2) syn-collision (430–�421 Ma; Cao et al., 2011; Liu et al.,
2012; Wu et al., 2012; Hao et al., 2015).
Northward subduction ended up with the closure of the
Qimantagh ocean and then the NEKT was welded to the
QT at ca. 430 Ma, manifested by the occurrence of syn-
collision granitoids from 430.8 Ma to 428.5 Ma (Cao et al.,
2011; Wu et al., 2012), as well as deposition of molasses sed-
iments of the Maoniushan Formation (ca. 423–400 Ma; Lu
et al., 2010; Zhang et al., 2010). The igneous activity during
this stage is relatively weak, and the resulting problem is
that the time span of this stage is difficult to identify
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precisely. But coeval high-K calc-alkaline I- and S-type gran-
itoids with ages of �421 Ma in the Qimantagh area sug-
gested that the main syn-collision stage might have ceased
since �421 Ma (Hao et al., 2014).

(3) Post-collision (407–�380 Ma; Liu et al., 2012; Wang et al.,
2014; Hao et al., 2015; and this study).
Large scale post-collision intrusions were mainly emplaced
within a relatively narrow time span between 407 Ma and
ca. 380 Ma in the Qimantagh region (Liu et al., 2012; Hao
et al., 2015), although extension related to post-collision
might have been triggered at �419 Ma in the east of the
EKOB (Yan et al., 2016). The extension was most probably
triggered by gravitational collapse and spreading of the
thickened and unstable lithosphere (see also Aldanmaz
et al., 2000; Bonin, 2004). Although a continuous convecting
within the asthenosphere will partly erase the enriched fea-
tures that originated from influx of arc fluids and hydrous
melts, volcanic arc-like features induced by the latest sub-
duction could still survive. During extension, basaltic mag-
mas derived from this modified depleted mantle source
rose and erupted to the surface eventually, forming the Wei-
bao volcanic rocks. Noticeably, contamination from the con-
tinental crust was negligible, but fractional crystallization
was strongly manifested in those volcanic rocks. The melting
might be induced by the upwelling and underplating of
asthenospheric mantle. But obviously, this localized modi-
fied source region can melt more easily compared with the
unenriched part as volatile components (H2O and CO2) in
the mantle can lower the solidus of peridotite (e.g.,
Aldanmaz et al., 2000 and references therein). Finally, a
post-orogenic molasses sequence, i.e., the Late Devonian
Maoniushan Formation, marks the end of the Early Paleo-
zoic–Middle Devonian orogenic cycle in this region,
although the time span of the Maoniushan Formation is still
controversial (Lu et al., 2013; Hao et al., 2014).

The combined petrologic-tectonic interpretation, proposed by
Hao et al. (2015), for the evolution history within the Qimantagh
area during Early Paleozoic is comparable in many respects to
the above model. The crucial feature of our model, however, is that
we emphasize that the compositions of the mantle-source regions
forming the primary magmas of the Weibao volcanic rocks were
modified by introduction of materials, in particular water and LILE,
from an earlier subduction event. In other words, our research
firmly demonstrate that magma types associated with subduction
can, in some circumstances, be produced in areas where subduc-
tion is not contemporaneous with volcanism, as discovered in
Papua New Guinea (Johnson et al., 1978). However, the extent
and nature of this chemical modification are expected to have var-
ied within the Weibao deposit, which might lead to variable
degrees of enrichment and depletion of LILE and HFSE, such as
Ba, Sr, Nb and Ta (Fig. 9).
6. Conclusions

We present geochronological and geochemical data for the new
discovered lavas within the Weibao deposit. SHRIMP U–Pb zircon
ages obtained from two samples are nearly consistent and indicate
that the basaltic lavas erupted in Middle Devonian. Composition-
ally, these volcanic rocks are especially characterized by selective
enrichment of LILE relative to HFSE and scattered zircon eHf(T)
ratios, suggesting a mixed provenance involving combined
asthenospheric mantle and fluids/melts inherited from an early
subduction event. Additionally, the major and trace element sys-
tematics support a hornblende-dominated fractionation process
during ascent of parental magmas. These results, together with
previously published age data in the EKOB, firmly support that vol-
canic rocks within the Weibao deposit formed by post-collisional
extension during Early to Middle Devonian.
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