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Abstract We present zircon ages and geochemical data for
the Hongshishan Carboniferous Alaskan-type mafic—ultra-
mafic complex exposed in the Beishan area along the Sino—
Mongolian boundary, southern margin of the Central Asian
Orogenic Belt. This complex mainly consists of dunite,
harzburgite, lherzolite, wehrlite, and gabbro, which intrudes
Early Carboniferous volcanic rocks and reveals a zoned
structure. Zircons of a gabbro sample yielded a **°Pb/***U
age of 357 £ 4 Ma, reflecting the time of Early Carbonifer-
ous magmatism. Zircon ages were also obtained for an
andesite (322 + 3 Ma) and a basaltic andesite (304 + 2 Ma).
High initial Nd isotope whole-rock values suggest that the
Hongshishan gabbro [engp = 4+9.6 — 4-10.2] and basalt
[enawy = +10.0 — +10.8] were derived from a depleted
mantle source. Slightly lower ey, values for the ultramafic
rocks [eyqe) = +8.5 — 48.7] suggest some interaction of the
parental magma with the continental crust. In contrast, the
Late Carboniferous Quershan samples in this area represent
subduction-related arc volcanic rocks with Adakite-like
compositions. The early Carboniferous Hongshishan Alas-
kan-type complex was interpreted to represent the remnants
of a magma chamber that crystallized at the base of a mature
island arc, whereas the Quershan island arc volcanic rocks
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suggest the resurrection of the subduction process after arc-
continent collision and uplift of the roots of the arc.

Keywords Alaskan-type complex - Carboniferous -
Zircon age - Sino—Mongolian boundary - CAOB

1 Introduction

Alaskan-type complexes have been well documented in the
geological literature (e.g., Taylor 1967; Murray 1972;
Irvine 1974; Himmelberg and Loney 1994; Fershtater et al.
1997; Helmy and El Mahallawi 2003). These complexes
range in size from sills only a few meters wide to intrusions
that are approximately 10 km in maximum exposed
dimension (Himmelberg and Loney 1994). They are
markedly concentrically zoned and, in most cases, are
roughly circular or elliptical in shape, and/or pipe-like in
cross-section. These complexes are generally composed of
dunite, wehrlite, olivine clinopyroxenite, clinopyroxenite,
hornblende clinopyroxenite, and gabbro, but the complete
sequence of lithologies is rarely observed (Himmelberg
and Loney 1994).

The Central Asian Orogenic Belt (CAOB, Fig. 1A) is a
giant accretionary orogen (Windley et al. 2007) and is
bounded by the Siberian, Tarim, and North China cratons
(Jahn et al. 2000; Badarch et al. 2002). The CAOB records
a complex evolution from the latest Mesoproterozoic to
Late Paleozoic (Tang 1990; Dobretsov et al. 1995; Xiao
et al. 2003; Jian et al. 2007, 2008; Kroner et al. 2014). It is
likely that this large, long-lived orogenic domain evolved
through the operation of several subduction systems with
different polarities, through the closure of multiple ocean
basins, and through the collision/accretion of arcs and
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Fig. 1 Geological sketch map of the southeastern CAOB (the inser map of a compiled after Jahn et al. 2000). Position of Fig. 2 is marked

microcontinents (Coleman 1989; Mossakovskii et al. 1993;
Kroner et al. 2007, 2014; Windley et al. 2007).
Mafic—ultramafic complexes, most of which were iden-
tified as ophiolites or post-orogenic intrusions, are widely
distributed along the southern margin of the CAOB (Jian
et al. 2010a, b, 2012; Xiao et al. 2010; Qin et al. 2011; Su

et al. 2011, 2012). Here we present SHRIMP zircon U-Pb
ages and geochemical data for a Carboniferous Alaskan-
type mafic—ultramafic complex and associated volcanic
rocks in the Hongshishan area, Gansu Province, China, and

we discuss their petrogenesis as part of the evolution of the
CAOB.
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Fig. 2 Simplified geological map of Hongshishan area, Gansu Province, China. The locations of samples are indicated

2 Geological setting and field relations

The Hongshishan area, Gansu Province, is situated along
the Sino—Mongolian boundary (Fig. 1B), and belongs to
the southern margin of the CAOB. The Hongshishan
mafic—ultramafic complex mainly consists of dunite,
harzburgite, lherzolite, wehrlite, and gabbro, and shows a
zoned structure (Fig. 2). The exposure of ultramafic rocks
is 5 km long and up to 3 km wide with an exposed area of
ca. 14 km% gabbro is found discontinuously along the
margin of the ultramafic rocks, which intrudes Early Car-
boniferous volcanic rocks (basalts and andesites). These
rocks occur along the Hongshishan suture zone, which
includes Devonian, Carboniferous, and Permian volcanic
rocks.

Harzburgite and dunite are exposed on the southern
margin of the mafic—ultramafic complex whereas wehrlite,
harzburgite, lherzolite, and dunite, with the occurrence of
chromite, are exposed in the central part. Wehrlite and
dunite are only found on the northern margin of the com-
plex. Most ultramafic rocks are medium-to coarse-grained
adcumulates (Wei et al. 2004). Textures are generally
subhedral to anhedral granular with mutually interfering,
gently curved grain boundary segments. Chromian spinel is
an accessory mineral in dunite (Huang and Jin 2006).

Harzburgite, lherzolite, gabbro, basalt, and andesite
samples were collected for geochemical studies, and from
these samples, one gabbro (N42°27'15"; E97°08'07"), one
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andesite (N42°29'54”; E97°04'21”), and one basaltic
andesite sample were chosen for SHRIMP zircon U-Pb
dating.

3 Analytical methods

Samples were crushed, contamination-free, to less than 200
mesh. Major and trace elements were analyzed by both
XRF (X-ray fluorescence spectrometry) and ICP-MS (In-
ductively coupled plasma mass spectrometry) at the
National Research Center for Geoanalysis, Chinese Acad-
emy of Geological Sciences, Beijing. The precision for
major elements was about 1%, and for trace element
analyses it was generally better than 10%. The analytical
results are listed in Table 1.

Zircons were extracted from ca. 20 kg of fresh rock. The
crushed sample was panned and then underwent electro-
magnetic isodynamic heavy mineral separation. Approxi-
mately 100 grains of each sample were then handpicked
using a binocular microscope. These were mounted onto an
epoxy resin disc together with several grains of the stan-
dard zircon TEMORA (Black et al. 2003). Then, these
were both ground down and polished so that their interiors
were exposed. Zircons were then photographed by optical
microscopy, and cathodoluminescence (CL) images were
obtained using a HITACHI S-3000N SEM with acceler-
ating voltage of 10 kV and an electron current of 100 pA.
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Table 1 Major oxides, REE and trace element composition of samples

Locality/  Hongshishan Quershan
unit
Sample HSS06 HSS07 HSS05-1 HSS05-2 HSS02 HSS03 HSS04 HSSO01 QESO1 QES02
no.
Lithology  Harzburgite Lherzolite Gabbro Leucogabbro Basalt Basalt Basalt Basaltic Andesite Basaltic
andesite andesite
Note 357 + 4 Ma N-MORB-like, with arc signature 322 +3Ma 304 + 2 Ma
Oxide (%)
SiO, 40.55 36.80 49.71 46.79 46.87 473 43.4 52.71 60.7 50.02
TiO, 0.06 0.04 0.33 0.07 1.46 1 1.01 0.91 0.77 1.26
Al,O3 1.38 1.75 16.8 29.24 13.39  13.61 1199 1544 15.54 19.8
Fe,05 6.01 6.42 2.09 0.86 5.4 5.36 2.83 3.29 2.69 3.24
FeO 1.94 2.86 4.13 0.54 7.13 8.08 9.23 4.92 3.57 5.42
MnO 0.13 0.12 0.12 0.04 0.21 0.2 0.19 0.14 0.12 0.15
MgO 34.82 34 8 0.74 7.5 7.97 6.89 7.85 3.18 3.54
CaO 3.37 3.53 14.11 15.45 10.82  10.65 10.05 7.03 4.12 5.89
Na,O 0.03 0.08 1.83 3.09 1.96 1.66 1.83 3.36 442 4.21
K,0 0.01 0.01 0.03 0.53 0.05 0.04 0.01 0.93 1.86 1.87
P,05 0.01 0.01 0.01 0 0.11 0.03 0.01 0.14 0.19 0.31
H,O 9.98 10.34 1.86 1.92 3.44 2.92 5.48 2.44 1.88 4.12
CO, 0.45 4 0.31 0.21 1 0.5 7.19 0.45 0.52 0.29
Total 98.74 99.96 99.33 99.48 99.34 9932 100.11 99.61 99.56 100.12
REE and trace elements (ppm)
La 0.18 0.07 0.36 0.32 4.16 0.69 0.5 9.34 14.7 10.7
Ce 0.45 0.2 1.13 0.81 11.7 2.31 1.7 21.5 323 24.8
Pr 0.06 <0.05 0.28 0.12 223 0.55 0.42 3.12 4.82 4.02
Nd 0.31 0.16 1.92 0.65 12.3 3.81 2.85 14.2 19.8 18.6
Sm 0.1 <0.05 1.01 0.2 4.28 1.79 1.67 3.73 4.46 4.66
Eu <0.05 <0.05 0.45 0.3 1.45 0.8 1.11 1.15 1.08 1.56
Gd 0.19 0.09 1.59 0.2 5.85 2.88 3.02 3.85 4.12 4.55
Tb <0.05 <0.05 0.35 <0.05 1.06 0.59 0.58 0.64 0.58 0.63
Dy 0.23 0.1 2.45 0.21 7.22 4.24 4.26 3.92 3.56 3.77
Ho 0.05 <0.05 0.57 0.05 1.56 1 0.95 0.82 0.69 0.75
Er 0.2 0.07 1.83 0.15 4.76 3.23 3.04 2.49 2.14 2.19
Tm <0.05 <0.05 0.24 <0.05 0.64 0.46 0.42 0.34 0.28 0.27
Yb 0.16 0.08 1.75 0.15 441 3.16 3.07 2.31 2.14 2.02
Lu <0.05 <0.05 0.25 <0.05 0.66 0.49 0.45 0.36 0.32 0.3
Y 1.25 0.58 13.5 1.26 34.8 23.7 22.7 194 17.7 16.7
Sc 24.7 9.26 62.8 2.52 554 54.3 52.7 335 19.5 252
v 78.8 35.7 279 16 450 414 421 233 148 292
Cr 8581 4516 338 19.4 256 266 181 376 434 12.9
Co 108 138 33.8 5.89 37.6 55.4 50.3 43.6 15.3 24.8
Ni 1604 1981 132 19.7 93.7 115 84.2 168 19.3 12.9
Cu 3.55 25.5 136 7.71 90.2 50 51.7 26.6 15.5 73.4
Zn 423 39.7 334 7.47 97.8 81.8 101 72.3 76.8 84.1
Ga 2.13 2.1 13.6 16.2 17.2 15.9 14.5 15.8 17.5 19.4
Rb 0.39 0.42 0.55 10.3 14 0.32 0.61 18.5 36.5 45.3
Sr 11.7 43.1 61.6 72.9 141 81.6 63.9 281 478 629
Zr 1.97 0.77 7.47 2.09 74.6 21.3 14.3 89.5 148 71.3
Nb 0.06 <0.05 0.06 0.1 2.68 0.27 0.11 2.89 34 2.49
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Table 1 continued

Locality/  Hongshishan Quershan

unit

Sample HSS06 HSS07 HSS05-1 HSS05-2 HSS02 HSS03 HSS04 HSSO01 QESO01 QES02

no.

Lithology  Harzburgite Lherzolite Gabbro Leucogabbro Basalt Basalt Basalt Basaltic Andesite Basaltic
andesite andesite

Note 357 + 4 Ma N-MORB-like, with arc signature 322 +3Ma 304 + 2 Ma

Cs <0.05 0.05 0.08 0.32 0.11 0.12 0.14 1.62 0.85 1.89

Ba 5.01 5.24 7.26 111 124 10.8 174 220 503 345

Hf 0.06 <0.05 0.41 0.07 2.66 1.00 0.79 2.67 4.73 2.44

Pb 0.36 0.56 0.49 0.71 3.05 0.96 0.48 2.42 6.39 2.23

Th <0.05 <0.05 <0.05 <0.05 0.41 0.05 0.05 1.85 3.62 0.87

U 0.34 0.38 0.28 0.12 0.17 0.13 0.28 0.65 1.10 0.42

U-Th-Pb analyses were performed in several analytical
sessions using a SHRIMP II instrument at the Beijing
SHRIMP Center, Institute of Geology, Chinese Academy
of Geological Sciences. Analytical procedures followed
those of Williams (1998). Magmatic ages reported in the
text have a weighted mean “°°Pb/*®U ages, and the
uncertainties are cited at the 95% confidence limit. Chi
square (%*) was employed to test whether an age popula-
tion met the statistical requirements. When xz =1, the
error of the weighted mean age was consistent with the
error of individual analyses, and there was no excess scatter
(Black and Jagodzinski 2003). The analytical results are
listed in Table 2.

Sr—Nd whole-rock isotopic analyses were conducted in
the Isotope Laboratory, Institute of Geology, Chinese
Academy of Geological Sciences, Beijing, following pro-
cedures described in Zhang et al. (1994), and the results are
listed in Table 3.

4 Results
4.1 Major and trace elements

The volcanic rocks from Hongshishan are basalt and
basaltic andesite in composition (Table 1) with low to
medium potassic (0.01%—-0.93%) and high TiO, contents
(0.91%-1.46%). Two samples (HSS03, HSS04) exhibit
N-MORB-like, LREE-depleted REE patterns (Fig. 3), and
lower total REE contents than N-MORB, which is con-
sistent with island arc tholeiites (IATs) (e.g., Hawkins
2003). The other two basalts (HSSO1, HSS02) display flat
REE patterns (Figs. 3, 4). The REE compositional diver-
sity of these volcanic rocks signifies different mantle
sources. A TiO, versus V plot (Fig. 5; Shervais 1982), a
Th/Yb versus Nb/Yb plot (Fig. 5; Pearce 2008) and a
MORB-normalized multi-element variation diagram
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indicate an IAT affinity for these samples and are diag-
nostic SSZ signatures, most likely produced in response to
aqueous fluids/melts expelled from a subducting slab
(Shervais 2001).

However, the volcanic rocks from Quershan are basaltic
andesite and andesite and have intermediate to high silica
(50.02 wt%—60.70 wt%), high Al,O3 (15.54%-19.80%),
higher Na,O than K,O (Na,O > K,0, Na,O/
K,0 = 2.38-2.51), with medium-potassic (1.86%—1.87%).
LREE-enriched REE patterns, LILEs (large-ion lithophile
elements) enrichment over HFSEs (high field-strength ele-
ments), coupled with a pronounced negative Nb anomaly
relative to Th, U and La (Fig. 4) indicate the volcanic rocks
are similar to those island arc volcanic rocks (Gill 1981).

Gabbro sample HSSO05-1 exhibits a LREE-depleted,
N-MORB-like REE pattern, and has a SSZ signature, i.e.
LILE enrichment over HFSE and a pronounced Nb
depletion (Fig. 4). Leucogabbro sample HSS05-2 has
positive Eu, and Sr anomalies that indicate accumulation of
plagioclase (Fig. 4). The ultramafic rocks (HSS06, HSS07)
also display flat REE patterns (Fig. 3).

4.2 Zircon ages

Zircons from gabbro sample HSS05-1 are euhedral, and
their cathodoluminescence (CL) images (Fig. 6A) show
broad and rhythmically zoned oscillatory patterns charac-
teristic of magmatic crystallization. Sixteen grain analyses
form a concordant group in the concordia diagram with a
weighted mean age of 357 £+ 4 Ma (xz = 1.53) (Table 2;
Fig. 7A) that we have interpreted to reflect the time of
gabbro emplacement.

Andesite sample QESOI contains euhedral, prismatic
crystals that display oscillatory zoning under CL (Fig. 6B),
indicating a magmatic origin. Ten analyses yielded a
weighted mean “*°Pb/**®U age of 322 4+ 3 Ma (3* = 0.83)
(Table 2; Fig. 7B) that we have interpreted to reflect the



281

Acta Geochim (2017) 36(2):276-290

T8 8¢C S8 (439 SI Sve  THI00 60S00 1110 L8E'0  +T00°0 0SSO0 +0°0 ¥ 0L0 St 9 'y
199 199 001 6€€ 14! ¥6T  8610°0 91900 T€1°0 96£°0  TTOO0 99v0'0  60°0 T 090 0C € e
L81 6cc 1T 86T S 6T TP000 T€50°0 8200 I¥€0 80000 Y9r0'0 1070 €1 €60 €T IST 1T
7961 65T €Cl S6T L1 00€  8TT00 71600 €ST°0 8€€°0  LT000 9L¥0'0 010 T €01 S¢ ve  T1
ansapuv Jusvg Z0SAO
661 Lty 8T 0S¢ 6 6£€  L¥000 76500 8€0°0 TIF0  S100°0 6£S0°0 €00 S 050 S 06 1Tl
L €Lc L 61¢ 6 §TE  $900°0 LISO0  6+0°0 69€°0  S100°0 LISO0 €00 9 S50 9 81T I'I1
1192 LST 99 €1g 14! 1Z€ 91100 71500 $80°0 19€'0  £200°0 01500 SO0 S 80 ¥ 88 101
9LI 16 #¢C 933 6 LTE  1$00°0 S¥S0'0  €€0°0 16€0  S100°0 02500 200 S ¥S0 S 8 1'6
T6¢T 18T ¢F T 91 LTIE  €L000 61500 9500 09€°0 92000 €0S00 00 v LSO 9F 18 18
L68 8L1 €8 S0¢ 01 e 8rI00 L6¥0'0  901°0 0S€0 L1000 TIS00 SO0 v 6¥0  6¢ 6L  T'L
st eve  T€ €ve L ¥P€ 95000 €€60°0  #+0°0 €070 1000 L¥SO0 €00 S €0 T 6L 19
10€ 681  OF 10¢€ o1 SIE 1000 66¥0°0 2SO0 SPE0 91000 20500 €00 v TS0 ¥ 8 IS
006 gze 98 80¢ o1 S0¢ 79100 62500 0110 ¥S€0 L1000 S8%0°0 900 € 60 €€ L9 T1¥
89¢C SIe €€ (443 o1 €€ LSO00 LTSO0 #1700 €LE0 L1000 €500 200 ¥ 050 6 8L '€
8T wy 1€ 0S¢ 6 €€ #S00°0 §960°0 €400 TIF0  S100°0 62500 £0°0 € S0 8¢ €9 I'c
vIT 10 9¢ 143 L €2€  9¥00°0 #2500 S€0°0 1LE0 1000 ¥1S00 100 S 190 8¢ 6 I
ansapuy [0SHO
79C e ¢ gee 4! LEE 950070 82500 9%0°0 16€0 61000 LESO'0 000 9z 660  SI¥ 0Ty 191
€81 88T ST 0S¢ o1 65€  6£00°0 12500 S€0°0 170 91000 €LS00  T00 € 810 6 8y 161
€8¢ 98¢ T8 L6€ 61 S9¢  9€10°0 S6500 SIT0 8L7°0  1£00°0 €850°0 900 T LE0 1 e Il
29¢ 9 0S 8¢ o1 0LE  T800°0 19500 690°0 LSY'0 91000 16500 €00 € 90  SI 65 1€l
66C €6y vy L8€ €1 69¢ 1,000 0LSO'0 900 ¥9¥'0 12000 06500 100 8 €0  ¥S ST o1l
€0T IS¢ 8¢ 1453 I ¥S€  SH00°0 SES0'0  6£0°0 L1¥0 L1000 §950°0 200 S 9€0 €€ 6 Tl
- - 9T 86¢C T TLE  LYEDO 91+0'0  88T'0 I¥€0  0%00°0 76500 S0 I 80 ¥ 1T 101
- - 0l €€ (Y4 LEE 191070 8¥€00 €TI0 LSTO  0¥00°0 LESO0  +1°0 I 60 L vl I'6
SIS 1651 LTI 6LS 6€ 96¢  0£T0°0 78600 6070 0LL0  £900°0 89500 810 0 wo ¢ 8 '8
659 el 89 81¢ 91 vPe €100 L8700 6800 89€°0  9200°0 6500 90°0 I 80 L st TL
808 961 €8 £ 61 6£€  8€10°0 00S0'0  LOT'0 TLED  1€00°0 0%S0'0 SO0 T 0 6 8¢ 19
LT ISt Ly 98¢ 4! 9LE  SLOOO 09500 9900 €9%°0  £200°0 00900 200 v 0T0 €l L9 TS
€0¢ oor It 89¢ I €9¢ L9000 L¥SO0 LSOO LEV'O 81000 6LS0°0 €00 € 1T0 ol 8% 'y
- - 6¥C 0T 43 8¥€  OVF0'0 76200 6€€°0 €2T0  TS00'0 7500 910 I 950 oI L1 e
- - 69 €T 81 6£€ 901070 1€€0°0 2800 9¥T’0 62000 6£S0°0  90°0 € IL0 1€ & 1T
e (4 ) e 4! 8%€ 15000 1600  #¥0°0 9L£'0  €200°0 66500 200 S LEO  9¢ 66 T
049qvD [-SOSSH

O  4Qdgp/+9d,o; O 1  Neep/xOd,gp © 1 Ngee/9dgnz o o1 o (%) (wdd) 0 (wdd) (wdd)
0119 (ey) 93y 10110 (ey) 98y 10110 (BN) 98V [ 1010 4 Qdg /+Ad,; O (geo/xAd g 101 (g /sOdgy, ddgy;  #Ad /UL UL n odg

Apms s1yy jo suoonz 1oj eep [eonk[eue qd—N dINTIHS € IqeL

pringer

A's



2
M L8+ LYOL'0  $10000°0 F 96LV0L0 9100000 F 190€1S0  LITO0O 6L81°0 P00 TI0O 19¢ LTO anozYT  LOSSH
= S8+ SLOLO  S10000°0 F €SI80L0  #10000°0 F 060€1S0  8STI'0 0£0C0 800 €C0 TOL €vv0 eIN LSS ondmqziey  90SSH QMMHMMM
= o1+ €20L°0  S10000°0 F ¥9SH0L0 0100000 F 6L0EIS0  LOSHO PI9L0 110 THF0 1S9 TOl Je powmssy  01qqeS0ono]  Z-GOSSH " oyew
£ 96+ 1€0L°0 1000070 F STTEOL'O 1100000 F #SEEISO  TITO0 PE6C0 190 STI 66V TS0 BN ¥ F LSE 01qqeD  [-S0SSH pauoz
£ 801+ SS0L'0  TL0000'0 F 899S0L°0  S00000°0 F TISEISO  0£€00 VEEE0 8TT I€T  8SS 9€90 uesed  pOSSH
mqu 901+ 6€0L°0  £10000°0 F OL0VOL0  L000000 F PEFEISO 62100 090€0 0ST 96T  9vL €E€0 uesed  €0SSH
s 001+ €P0L'0  S10000°0 F 80FFOL0 100000 F TOTEISO  0I£00 ¥8IT0 90€ 88  SII €Tl uesed  COSSH
2 BN LSE aysopue
€L+ 0r0L'0 0100000 F SHTSOL'0  S00000°0 F TT6TISO  L9PTO €LS10 €LT 0S0l ST TO'l e pauwnssy onesed  10SSH OIe OWUEJ[OA  UBYSIYSSUOH
Q)Isopue
09+ SE0L'0  €10000°0 F EPLFOLO 9000000 F 8S8TISO 6160 9TST'0 9F'E €LET 698 €LE BN T F $0€ oneseg  Z0SHO
9L+ 6€0L°0  £10000°0 F 000SOL0 8000000 F SO6CTISO  SLETO 68€10 €€€ TSP 9y 16€ BN € F 7T ausopuy  [0SHO oIB JIUED[OA ueysiond)
IS9/1S ¢ wdd BN ‘ou
(PNg [enmy IS9/1S ¢ PNyy /PNy 1Sog/¥d,q PNy /WS, WS PN IS Q a3y ASojoyyry  opdureg ) Kooy
eyep o1dojost JooI-o[oym IS—pN € d[qBL
O] aIe sIoLyq MQQ Uﬁﬁowoﬂﬁmu Sajedipul ..qd m@m uowrtiod sajedipul u@ﬂm
68¢C 68¢C 9¢ 90¢ S 80¢€ L9000 12600 Lv00 ¢ee’0 80000 06¥00 200 ol ¥L0 9¢l €81 I'8I
1494 SSv 09 11e 8 ¢6C 611070 19600 8L00 8¢€0 €100°0 79100 00 ¢ 0L0 L €0l T'LI
88¢C GeT ov 0ce 8 cee 0L00°0 60500 €500 ILE°0  €100°0 62500 200 LT 060 LYC vLC 191
- - 144 L9T 8 c0¢ 08000 SS0'0 SO0 10€°0  C100°0 08700  +¥0°0 S o LY LOT  T°Gl
8¢l 1433 €C 6¢t 8 9¢¥  1€00°0 9¢60°0  ¥€0°0 17S°0  €100°0 ceL00 100 91 690 LTl Lol 1l
8C1 G8¢ 1¢ LIE 8 80¢€  9¢00°0 £¥S0'0 8200 L9¢€°0 €100°0 0600 100 1T €0 S6 1ZC 1€l
153 ely w 61¢ 11 90¢  8L00°0 06500 9500 69¢0 61000 L8Y0'0 €00 L T80 111 sel 1Tl
91 9LE 0¢ 0ce S cre  8€00°0 I¥S0°0  L200 0L£0 80000 96¥00 100 €l 870 811 Lyc 111
- - 61 09¢ 01 0¢  1€00°0 6€¥0'0  ¥20°0 26C0 91000 €800 200 IT €S0 811 ¥ee 101
£Ce 61¢ 144 (433 81 90¢  LLOOO LLSO'0  6S0°0 L8€°0  0£00°0 98700 SO0 € 870 € 89 1’6
91 SLT [ 8¢E L 8¢ 9¢00°0 81S0°0 6200 g6¢'0 ¢CI00°0 6600 100 Sl €90 91 9¢C 18
SSv 9¢ Ss 8¢C¢ ! 96¢  LOIOO 68S0°0 €L0°0 18¢°0 61000 0L¥00 SO0 € SOl 29 8¢ I'L
14%4 6¢l 9¢ £6¢ S ele 87000 88700 ¥€0°0 gee’0 8000°0 L6¥0'0 200 1T 650 6Cl L1T 1'9
L 8681 Sy L8 i4 <881 S¥00°0 I911°0 ¥LTO 0€e’s 96000 6c¢e’0  100— €C 890 w 29 s
O 4Qdgp/+9d,o; O 1  Neep/sOd, g © 1 Nger/xAdgpz o o] o (%) (wdd) 0 (wdd) (wdd)
10112 (BW) 98y 10112 (BW) 98y 10110 (B 98y [ 1012 4qdyo/+Ad,0;  TOMR  Neo/sAd,g; T HOMD Ngeo/sAdog;  Adgo;  +9d /UL UL n ods
m panunuod g Iqelr,

pringer

A



Acta Geochim (2017) 36(2):276-290

283

100
2
=
k=l
B
< 10 4
S
=2
o
o
# HSSO01
d HSS02
HSS03
HSS04
QESO1
QES02
1 T T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
10
2
‘g
=
=t
=R
S
=
Q
S
o~
M»l
+ HSS05-2
HSS06
HSS07
0.1 T T T T T T T T T T T T T

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 3 Chondrite (CHON)-normalized REE patterns for samples of
this study. Chondrite values are from Boynton (1984)

time of andesite emplacement. Spots 6.1 (344 Ma) and
12.1 (339 Ma) are slightly older than the other spots and
are understood to contain inherited Carboniferous grain
components.

Most zircons from basaltic andesite sample QES02 are
euhedral, and their CL images show broad and rhythmi-
cally zoned patterns (Fig. 6C), indicating a magmatic ori-
gin. Some zircons show core-rim structures suggesting
some inheritance. Fourteen grain analyses from the basaltic
andesite yielded concordant and near-concordant isotopic
compositions with a weighted mean 2°°Pb/***U age of
304 + 2 Ma ()(2 = 1.51) (Table 2; Fig. 7C) that we have
interpreted to represent the time of basaltic andesite
emplacement. Spots 4.1, 5.1, 8.1, 14.1, and 16.1 are older
than the other spot analyses, and we interpret these as
reflecting various degrees of inheritance.

4.3 Whole-rock Sr-Nd isotopic compositions

The harzburgite sample [eng, = +8.5, Is, = 0.7075]
shows high I, but a similar initial Nd isotope composition
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Fig. 4 N-MORB-normalized trace element variation diagrams for

samples of this study. N-MORB values are from Sun and McDonough
(1989)

as the lherzolite sample [eng,) = +8.7, I = 0.7047]
(Table 3; Fig. 8), We have interpreted this /g, as disturbed,
probably due to serpentinization or sub-ocean alteration.

Hongshishan gabbro [eng) = +9.6 — +10.2] and
basalt [engs = +10.0 — +10.8] samples show higher
ena(y values than those of the ultramafic rocks, and they are
also higher than that of Permo-Carboniferous NMORB
(Table 3; Fig. 8), which suggests that these rocks are
derived from a more depleted source than NMORB.

Quershan andesite [eng;) = +7.6, Is. = 0.7039] and
basaltic andesite [eny) = +6.0, Is, = 0.7035] have similar
Nd-Sr isotopic compositions as the Hongshishan basaltic
andesite [eyqq = +7.3, Is, = 0.7040], and all these belong
to arc tholeiites (Table 3; Fig. 8).

5 Discussion
5.1 Petrogenesis

Ophiolites represent remnants of oceanic lithosphere pre-
served in orogenic belts and mark suture zones between
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Fig. 6 Cathodoluminescence (CL) images and SHRIMP U-Pb ages of representative zircons from samples of this study

crustal blocks. They include, from bottom to top, ultramafic
rocks (harzburgite, wherlite, dunite), layered and isotropic
gabbro, sheeted dikes, basalt and a pelagic-hemipelagic
sedimentary cover (Penrose Conference 1972). Ophiolitic
fragments are widely distributed in the Beishan area (Zuo
et al. 1987, 2003), northwestern China, which is located at

the southern margin of the Central Asian Orogenic Belt
(Fig. 1B).

However, Alaskan-type complexes are markedly con-
centrically zoned and generally composed of dunite,
wehrlite, olivine clinopyroxenite, clinopyroxenite, horn-
blende clinopyroxenite, and gabbro. These complexes were
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Fig. 9 A possible model to show the evolution of Beishan area,
southern margin of CAOB during the Carboniferous (after DeBari and
Coleman 1989)

believed to result from fractional melting in the mantle
(Taylor 1967). Some ultramafic rocks have cumulus tex-
tures that reflect their origin and concentration through
crystal fractionation processes (Murray 1972; Himmelberg
and Loney 1994). Sha (1995) suggested that Alaskan-type
complexes are fractionally derived from a mixture between
a mantle-derived mafic magma and a crustal felsic magma.
In contrast, Farahat and Helmy (2006) thought that there

was no significant crustal contamination during the for-
mation of Alaskan-type complexes through fractional
crystallization of a hydrous parental magma.

Higher &ygq values than that of Permo-Carboniferous
NMORB (Nelson and DePaolo 1984) (Table 3; Fig. 8)
suggest that the Hongshishan gabbro and basalt were
derived from a more depleted source than NMORB. The
lower &yq) values of the ultramafic rocks may indicate
later reaction of the parental magma with continental crust.
We therefore suggest that the Hongshishan mafic—ultra-
mafic complex is derived from a depleted mantle and that
the ultramafic rocks experienced sub-ocean alteration.

5.2 Comparisons to regional mafic—ultramafic rocks

Three phases of mafic—ultramafic rocks occur in the Beishan
area along the Sino—Mongolian boundary (Fig. 1B). Per-
mian mafic—ultramafic complexes are found in the Eastern
Tianshan and Beishan areas and in the Xinjing Uygur
Autonomous Region (Zhou et al. 2004; Chai et al. 2008; Ao
et al. 2010; Qin et al. 2011; Su et al. 2011, 2012; Song et al.
2013; Xue et al. 2016). Their rock types are mainly dunite,
clinopyroxene peridotite, clinopyroxenite, gabbro, and
diorite. These complexes have been interpreted as evolving
from high-Mg tholeiitic magmas from the lithospheric
mantle in a post-orogenic extensional tectonic setting and/or
related to a mantle plume (Zhou et al. 2004; Han et al. 2006;
Jiang et al. 2006; Wang et al. 2006; Chai et al. 2008; Zhang
et al. 2008; Su et al. 2012; Qin et al. 2011), or related to
asthenosphere upwelling (Song et al. 2013; Xue et al. 2016).
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Cambrian mafic—ultramafic rocks of ophiolitic affinity con-
sist of dunite, harzburgite, gabbro, diabase, and basalt (Shi
et al. 2017), whose chemistry suggests a typical arc-trench
complex. In this, a supra-subduction zone ophiolite records
successive phases during its life cycle: birth (ca. 535 Ma),
when the ocean floor of the ophiolite was formed; youth (ca.
533 Ma), characterized by mantle wedge magmatism;
maturity (527-521 Ma), when basalt, basaltic andesite,
andesite, and dacite were produced by slab melting and
subsequent interaction of the melt with the mantle wedge;
death (<519 Ma), caused by break-off of subducted slab and
exhumation of the arc island.

The Carboniferous Alaskan-type complex is distinctly
different in emplacement age and petrology from other
regional mafic—ultramafic rocks, indicating that its petro-
genesis and tectonic environment are different from that of
the other two types.

5.3 Tectonic implications

Alaskan-type complexes have always been related to the
subduction environment. Most researchers suggest that
these complexes formed at convergent plate margins, rep-
resenting arc magmas (Taylor 1967; Irvine 1974) or arc-
root complexes (DeBari and Coleman 1989; Brugmann
et al. 1997).

The Hongshishan complex is interpreted to constitute
the remains of a magma chamber that crystallized at the
base of a mature island arc (Fig. 9). The Late Carbonifer-
ous Quershan island arc volcanic rocks suggest resurrection
of the subduction process after the collision of the Hong-
shishan arc and the Dunhuang Block, and then after uplift
of the roots of the Early Carboniferous island arc (Fig. 9).

The Central Asian Orogenic Belt (CAOB) is a giant
accretionary orogen revealing a complex evolution
involving several subduction systems with different
polarities and collision/accretion of arcs and microconti-
nents (Coleman 1989; Mossakovskii et al. 1993; Kroner
et al. 2007, 2014; Windley et al. 2007; Jian et al.
2008, 2010a, b, 2014; Shi et al. 2016). Our identification of
the early Carboniferous Hongshishan Alaskan-type com-
plex and the Late Carboniferous Quershan island arc vol-
canic rocks along the southern margin of CAOB provides
the necessary evidence to reconstruct a Late Paleozoic
subduction process along the southern margin of the CAOB
following early Paleozoic subduction (Shi et al. 2016).

6 Conclusions
1. The Hongshishan mafic—ultramafic complex mainly

consists of dunite, harzburgite, lherzolite, wehrlite, and
gabbro, and displays a zoned structure.

@ Springer

2. High eygq values for the Hongshishan gabbro
[enaa = +9.6 — +10.2] and  basalt [enun =
+10.0 — 4+10.8] suggest that it is derived from a
depleted mantle source. In contrast, the Late Carbonif-
erous Quershan volcanic rocks are subduction-related
arc rocks with Adakite-like compositions.

3. The Hongshishan complex represents the remains of a
magma chamber that crystallized at the base of a
mature island arc. The Late Carboniferous Quershan
island arc volcanic rocks suggest resurrection of the
subduction process after arc-continent collision and
uplift of the roots of the Early Carboniferous island
arc.
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