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1999a; , 1990, 1993; , 1996; 2011; , 2011)
, 2011; , 2011), ,
(~440 Ma) , ,
( , 1993; , 199943, b;
, 2001) ( , 1990;
, 1992; , 1995; , 1995) , ,
( , 1990; , 1993;
, 1995; Chen et al., 1999; , 2005), -
(~420 Ma) ( 1 '
( , 1992; , 2007),

' 1 Ak RN - e A

(390~400 Ma) -

, (Charvet et al., 2007; , )

In (a), Q: Quaternary; MG: Mafic granulite; P: Peridotite; S: Schists derived from sediments; y: granite (279-303 Ma). Tectonic emplacement of
granulite-peridotite slices took place as intracontinental compressional uplifts during 380-420 Ma. Locations of the sites studied in detail are indicated.

1 - G (b)
Fig.1 Geological sketch map (a) and interpreted cross-section (b) of the granulite-peridotite terrain in the Yushugou
Massif at the northern margin of the south Tianshan orogenic belt, Xinjiang
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1.1
( 2-5)

(a) )
- (279~303 Ma)

(Ol: 66.3%+4.9%, Opx: 23.1%+5.6%, Cpx:
- 10.5%+5.1%) (Ol: 69.2%+4.5%, Opx:
28.3%+5.2%, Cpx: 2.6%+1.3%),

( 0.5~80 cm) 3

( , Peslier et al., 2002;
Bodinier and Godard, 2014) ,

NW; (b) -
. SW

(a) The boundary between the serpentinized peridotite and mafic granulite. View to the northwest; (b) The greenschist-lower amphibolite-facies metasediment
unit overthrusted by the serpentinized peridotite unit in the north and intruded by the granitic pluton (279-303 Ma) in the south. View to the southwest.

2

Fig.2 Field photographs of the Yushugou area showing the lithological contacts
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Fo  89.3-915 90.4; ,
Wo 0.28~1.07, En 88.9~90.2, Fs 9.22~10.5,
: ., Wo 6.5~48.7, En 44.1~65.1, Fs 2.82~
5.33, ( , 2011)
, Cr,04 14.58%~24.98%,
MgO 15.39%~18.91%, Mg*=Mg/(Mg+Fe)
63.4%~74.6% , Cr'=Cr/(Cr+Al)
15.6%-~27.9%  ( , 2011)

( , Peslier et al., 2002; Pearson et al., 2005;
Bodinier and Godard, 2014) (1999a)
(1999),
1060 'C  1.76 GPa,

(36 , 15 , 18 800 m, 1.2 km;

'3 ) 8 km, 14 km

Fig.3 Modal compositions of the peridotites from the

Yushugou Massif (36 samples: 15 harzburgites, 18
Iherzolites, and 3 wehrlites)

(a) sw ; (0) ) 7 (@)

7 (d) X
(a) Asymmetry of the olivine porphyroclasts indicating a top-to-SW thrusting; (b) A large olivine porphyroclast(right)recrystallized into a band of
fined-grained neograins; (c) Elongated orthopyroxene porphyroclasts embedded in a completely recrystallized fine-grained olivine-pyroxene
composite matrix suffered strong plastic deformation; (d) X-shaped interpenetrating texture observed in the weakly deformed antigorite serpentinite.
Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxne; Atg: Antigorite.

4 (a-b) (©) (d)
Fig.4 Photomicrographs of the peridotitic mylonite (a-b), the ultramylonite (c) and the antigorite serpentinite (d)
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5 : «C ) ( : a,
c-d )
Fig.5 Optical evidence for dislocation creep of pyroxenes in the peridotitic mylonites from the Yushugou Massif:
undulatory extinction, lattice rotation (folding) and kinks (All images viewed in cross-polarized light, but with
gypsum A plate inserted for (a) and (c-d). Kink band boundary indicated by arrow)

, _ ( 5), (100)
— ( [001] :
4a-c) NE , )
( )
, - ( 4a-c)
, (Climb) (Cross
, slip),
( YSG26-10, 71% Ol, 25% Opx, 4%
, Cpx) (EBSD, Electron Backs-
( ) ( 4c), XZ cattering Diffraction) ,
50 1, (100) (XY) [100] [010] [001] (100) (010)
, [001] (X), [001]
(100)[001] i 6 )
et al., 1994, Ji, 2013; Saruwatari et al., 2001; Toy et al., , pfd <15
2010; Ohuchi et al., 2011; Frets et al., 2012) (100) , ,

[001] ,
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6 EBSD (
(c) ( N

YSG26-10)

@)

(b)

Fig.6 CPO (Crystallographic preferred orientation) figures for a harzburgite sample (YSG26-10) from the Yushugou
Massif, measured using EBSD (Electron Backscattering Diffraction) techniques (Equal-area lower hemisphere

projections. N: Measurements)

( , Skemer and
Karato, 2008; Sundberg and Cooper, 2008; Ohuchi et
al., 2012) ,

( 6), (100)
[001], (100)[010], [001] [010]
(X),  (100)
Xy )
(010)[100], [100] (X)
., (010) (2)
6

(Ji et al., 1996; Frets et al., 2012)

(Ji et al., 1994; Saruwatari et al., 2001),

(CPO)

5~20 pm,
6),
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, 1.2
(300~600 4d), 1 )
<300 (7
X :
(Ji et al., 2013; Shao et al., 2014; , 55.4%+8.1%
, 2014) (An 65.2+8.2), 26.5%+10.5% ,
; 9.3%+6.4% , 5.0%%3.5% (Alm
, ( , 52.40+3.62, Pyr 34.81+4.68; Gro 6.87+3.93; And
1999a, b, 2003) (2011) (2011) 4.06£2.35, Spe 1.47+0.5, Uva 0.42+0.31) 3.5%z%
1.3% ( 8
, , 62.2%=+
, , 6.6% (An 67.0+£12.0), 15.7%+5.5% ,
, 19.7%+4.1% 2.2%+1.5% (
1 8)
1 ) ( 7)1
7 (ar ) b: ) (C'dv ) ( y

)

Fig.7 Typical microstructures (e.g., foliation, compositional banding, recrystallization, and lattice rotation) for the
garnet-bearing (a, plane polarized light; b, crossed nicols) and garnet-free (c-d, crossed nicols) mafic granulites
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(a) (b) (c)

(d) (e) An(%) (f)

Fig.8 Histograms for the volume fractions of plagioclase (a), garnet (b), clinopyroxene (c), orthopyroxene (d) and
opaque minerals (e) as well as for the anorthite content of plagioclase (f) in the garnet-bearing and garnet-free
mafic granulites and quartz-bearing intermediate granulites from the Yushugou Massif

, (Ji and Mainprice, 1988; '
1990; Ji et al., 1988, 1993),

20~50 pm Grt-Cpx-PI-Qtz (Newton and Perkins,
, 1982) 800~960 0.97~1.42
, ( 7a-b) GPa( , 1999a), 20£2  /km
(1999)

, 10 /km
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(Liou et al., 1998) , MgO ( 9a), MgO
( , 1999a, 2003; 8%, MgO 8%
, 1999; , 1999; , 2001), MgO
, 6.60%(25 ) 10.82%(28 ) Si0,-MgO
(%),
( , 1995; , 2003) , MgO SiO,
T=743+33 P=720+85 MPa( 26£3 km ,
28+2  /km) , :
( , 2011), ,
640~790 640~890 FeO+Fe,05 Mg*(Mg*=100x
MPa ( 23~32 km 24~27  /km Mg/(Mg+Fe))( 9c) ,
)( , 1999), ( Ca0 SiO,
) : ( 9d)
, Gt+Cpx+Pl;+H,0 9,
—Amp+Pl, , (Rudnick and
Fountain, 1995) (Rudnick and Taylor,
1987; Condie and Slverstone, 1999; Downes, 1993)
, SiO, 54.61%~62.49% , (Rudnick and Presper, 1990)
58.13%( 9), ( ) ,

( , 1997)
, (Alm 48~49,
Prp 16~17, Grs 21~32, Sps 1~2)
(Ji and Martignole, 1994;
, 1999; Shu et al., 2004);
( , 2009),

( ~813 , 2009),

(Ji and Martignole, 1994; Wang and Ji,

1999, 2000)
640~755 810~870 MPa( , 1999),
30~32 km 22~24  Jkm
150~160 MPa( , 2009),
Ji
etal., 1997)
9 , SiO;
54% , ,
. SiO, 45% 53%

(50.17% SiO,, 1.18% TiO,, 16.49%

A,03, 9.62% (FeO+Fe,03), 0.18% MnO, 8.30% MgO,

11.27% CaO, 2.29% Na,0, 0.37% K,0, 0.12% P,0s)

Rudnick and Fountain (1995)

(53.40% SiO,, 0.82% TiO,, 16.90% A,Os3,

8.57% (FeO+Fe,03), 0.10% MnO, 7.24% MgO, 9.59%
Ca0, 2.65% Na,0, 0.61% K,0, 0.10% P,0s)

, Rudnick

and Fountain (1995) 25~40 km

(Rudnick and Taylor, 1987; Condie and Slverstone,
1999)

(Ji et al., 1994) ,

(Griffin and O’Reilly, 1987) :
Kapuskasing (Shaw et al.,
1994),

, 58.3% SiO,, 0.65% TiO,, 17.4% A,03, 7.09%

(FeO+Fe,03), 0.12% MnO, 4.36% MgO, 7.68% CaO,
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(

1. Rudnick and Taulor, 1987; 2. Condie and Selverstone, 1999; 3. Rudnick and Presper, 1990; 4. Rudnick and Fountain,
1995) )

Variations of MgO (a), FeO+Fe,03 (b), CaO (c), Al, O3 (d), Na,0+K,0 (e) and Mg (f) versus SiO, contents for
three types of granulites from the Yushugou Massif (Blue squares: Garnet-bearing mafic granulite; Red dots:
Garnet-free mafic granulite; Green triangles: Quartz-bearing intermediate granulite; Black dot: Average composition
of all the granulites from the Yushugou Massif; Black diamonds: Model compositions of the continental lower crust

proposed by 1. Rudnick and Taulor, 1987; 2. Condie and Selverstone, 1999; 3. Rudnick and Presper, 1990; 4. Rudnick
and Fountain,1995)

Fig.9
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2.7% Na0, 1.47% K,0, 0.24% P,0s, Kapus-
kasing ( ( 1,
) 10 11) Ji
20~30 km (600~850 MPa), 20 km et al. (2002, Table 1.1, p32)
(30~50 km ) ( () 3.0360.059 g/cm?®
, ) 2.956+0.054 g/cm®(  10)
(Percival et al., 1992 ; Moser and Heaman, 1997), Vp 7.091+0.127 km/s 6.934+
, , 0.067 km/s(  11), Vp
Lewisian Sourian (6.9~7.2 kml/s, ,

: 62.9% SiO,, 0.50% TiO,, 16.0% Christensen and Mooney, 1995; Carbonell et al., 2013;

A,03, 5.4% (FeO+Fe,0;), 0.08% MnO, 3.50% Mgo,  Rabbel et al,, 2013; Wang et al., 2013),
5.80% CaO, 4.50% Na,0, 1.0% K,0, 0.19% P,0s

(Weaver and Tarney, 1984) Kaapvaal
(~2.7 Ga) >30 km , p=2.926+0.113 glcm?, V,=6.753
) 0.143 km/s, V¢=3.942+0.144 km/s, V,/V,=1.715+0.069,
(Schmitz and Bowring, 2003), v=0.240+0.030,
P (6.5~6.7 km/s, Durrheim and <5%,
Green, 1992), , 5%~10%
(Kay  V,=6.7~6.8 km/s ,
and Kay, 1993; Niu and James, 2002 ; , , Kaapvaal (Durrheim and Green,
2008) 1992 ; Niu and James, 2002) Yilgaren
Yilgaren (Drummond, 1988) (Drummond, 1988) (Gao et al.,
( , 2006; , 2004) , 1998),
Wyoming 40%~50%,
(Gorman et al., 2002) Baltic (Luosto and
Korhonen, 1986 ; Luosto et al., 1990) (2004) (2011) SHRIMP
; (25~40 km )
(Christensen and  “"°Pb/?*U , (2011)
Mooney, 1995) (7% , 93% ( 07Y759) (
, 07Y773)
), _ 206Pb/238U , ’
, , 380~420 Ma(
12a), ;

* 1 HEMGMAITERXREZER LT THERRSE (505 A8 T A RIS 58 A i kLS 5
0B H S A ( )RR R

Table 1 Seismic properties of granulites (garnet-bearing and garnet-free mafic granulites and quartz-bearing intermediate
granulites) and mantle rocks (lherzolite, harzburgite and wehrlite)

Grt-bearing mafic Grt-free mafic Qtz-bearing

> . . . . Lherzolite Harzburgite Wehrlite
granulites granulites intermediate granulite

Avearge S.D. Avearge S.D. Avearge S.D. Avearge S.D. Avearge S.D. Avearge S.D.

p(glem®) 3.036 0.059 2.956 0.054 2.926 0.113 3.307 0.001 3.308 0.000 3.303 0.004
Vp(km/s) 7.091 0.127 6.934 0.067 6.753 0.143 8.215 0.029 8.231 0.026 8.211 0.091
Vs(km/s) 3.955 0.086 3.879 0.050 3.942 0.144 4.814 0.016 4.837 0.005 4.753 0.060
Vp/Vs 1.793 0.009 1.788 0.011 1.715 0.069 1.707 0.005 1.702 0.004 1.728 0.003
0 0.274 0.003 0.272 0.004 0.240 0.030 0.239 0.002 0.236 0.002 0.248 0.001
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40~50 km
) ( , 19994, b;
, 1999; , 2001; , 2004)
(Nicolas, 1989; , 2011) ,
(Tectonic intrusion)
10 (a, 13 -

)

(1 2b),

Fig.10 Histograms for the densities of granulites (a, ,
garnet-bearing and garnet-free mafic granulites and ( )
quartz-bearing intermediate granulite) and perid-
otites (b, harzburgite, Iherzolite and wehrlite) from

the Yushugou Massif

620~640 Ma, 590 Ma, 530~550 Ma, 510Ma

460 Ma ( 12b),

(Underplating)
(Schmitz and Bowring, 2003)
(Moser and Heaman, 1997)

(Davis, 1997)

173 7

380~420 Ma
1520 Ma, 1170 Ma, 850 Ma, 680~700 Ma, ,

Kaapvaal

SHRIMP
425~ 419~450 Ma,
: , 2011),
(
259~267 Ma, , 1999a)
2) ,
Superior ( 13),
Slave
NE ,

439 Ma(

NE

U-Pb
1

SW
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1 « = ) (
) P (a,e), S (b, ), Vp/Vs (c,9) (d, h)
Fig.11 Histograms for the P-wave velocities (a and e), S-wave velocities (b and f), V,/V; ratios (c and g) and Poisson’s
ratios (d and h) of the granulites (left: garnet-bearing and garnet-free mafic granulite’s and quartz-bearing
intermediate granulite) and peridotites (right: harzburgite, Iherzolite and wehrlite) from the Yushugou Massif



486 *&‘b&" ﬁ#& % 38 &

12 (a) (b) 2%pb/*8y ( , 2011;
, 2011; , 2004)

Fig.12 Histograms for the 2°°Pb/28U ages of zircon grains (a, mantle; b, core) from the mafic granulites from the
Yushugou Massif (Data fromYang et al., 2011; Li et al., 2011; Zhou et al., 2004)

( 14)1 O3

14b) ) ( 13e-f, 14b),
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13 - (NE
)

Fig.13 Field photographs showing the characteristic deformation structures (e.g., NE-dipping foliation, down-dip
lineation, overturned and recumbent, tight to isoclinal folds) of the greenschist-lower amphibolite-facies
metasediments, indicating a top-to-SW thrusting, in the Yushugou Massif

( , -
2003), 125~410 ,
80~400 MPa , 3~15 km
(Plagiogranite), 2 W ®
, (2011) 16 , (2011) “
SHRIMP LA-ICP-MS U-Pb

439 Ma, v (2011) @



Atetod s By P %38 %

488

(a) s-C , S 7 (b) ) 7 (©)

) Sw ;(d)
(a) S—C structures in the schist, indicating a top-to-SW shear; (b) a folded quartz vein cut by pressure solution-related disjunctive cleavage; (c) quartz
veins filled in tension gashes in en-echelon arrangement, indicating a top-to-SW shear; (d) polycrystalline quartz filled in a tension gash. Shear sense

shown by arrows.

14 -
Fig.14 Characteristic structures of the greenschist-lower amphibolite-facies metasediments deformed under ductile,
semi-brittle and brittle conditions

( ) )
( : :
1999a, 2003; , 1999; , 1999; ,
, 2001; , 2004) , - ( 12b)
40~50 km , ( , 1990;
, , 2011), -
, , - (
) -
( , 1992; Windley et al.,
, 1990; , 1993),
1972 (2011) ,

(Penrose) '
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(MOR) (ssz) “ : -
, (2011) ,
(2011) “ (Carbonell et
“ al., 2013; O’Reilly and Griffin, 2013; Rabbel et al.,
u ” , 2013; Wang et al., 2013) : 10 11
l 1
( 1 (2011) P (
" w 2) (p=3.308+0.001 g/cm®, V,=8.231+
” (2011) 0.026 km/s) (p=3.307%0.001 g/cm?, V,=
(2011) 8.215+ 0.029 km/s) (p=3.303+0.004 g/cm®,
V,=8.211+0.091 km/s)
- ( )
200ph/238Yy  (419~452 Ma, 435+2.8 ( >10%)
Ma) _ , . V!V :
_ 206p 238 Vo/Vs=1.79(v=0.27), Vo/Vs=1.70(v=
(396~405 Ma, 403+1 Ma) 0.24)

(Allen et al., 1993; Gao et al.,
1998; Chen et al., 1999; , 1993),

( 6a-c)
(Aleksandrov and Ryzhova, 1961;
Alexsandrov et al., 1974),
( YSG26-10, 71%

Ol, 25% Opx, 4% Cpx) ( 15),
Vp 1.5%, Vs
1.6%, (Ji

et al., 1994, 2002; Saruwatari et al., 2001; Wang et al.,
2013), .

R2 HEMMATHFEARE S EHISEEE Z 8RR k5 R (%)

Table 2 Reflection coefficients (%) at the interfaces between the lower crust granulites and mantle rocks from

Yushugou, Xinjiang

Lower crust Upper mantle

Impedance

Unit Lithology Grt-bearing Grt-free mafic  Qtz-bearing o o546 Harzburgite Wehrlite
mafic granulite granulite intermediate granulite
(10 kgm2s™) 21.53 20.50 19.76 27.17 27.23 27.13
Grt-bearing mafic granulite 21.53 0 2.45 4.28 11.58 11.70 11.50
'-‘C’r""ui[ Grt-free mafic granulite 20.50 0 1.83 14.00 14.11 13.92
Qtz-be_armg intermediate 19.76 0 15.79 15.90 15.71
granulite
Lherzolite 27.17 0 0.12 0.08
Upper .
mantle Harzburgite 27.23 0 0.20
Wehrlite 27.13 0
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15 ( YSG2610) P
(@ S (b) (e)( ) )
Fig.15 P-wave velocities (a), S-wave velocity anisotropy (b) and fast polarization directions (c) for harzburgite sample

YSG26-10 from the Yushugou Massif, calculated from LPO data, modal composition, and single crystal elastic
constants of each rock-forming mineral. Equal-area lower hemisphere projections
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The Yushugou Granulite-Peridotite Terrane as a Paleozoic
Continental Crust-Mantle Transition Zone Exposed at the Northern
Margin of the Southern Tianshan (Xinjiang)

JI Shaocheng®, WANG Qian? SHAO Tongbin', SUN Shengsi®, L1 Awei*,
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H3C 3A7, Canada; 2. State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou 510640, Guangdong, China; 3. Department of Geology, Northwest
University, Xi’an 710069, Shaanxi, China; 4. Institute of Geomechanics, Chinese Academy of Geological Sciences,
Beijing 100081, China; 5. Institute of Geosciences, Shizuoka University, Shizuoka 422-8529, Japan)

Abstract: The Yushugou massif in the Kumishi region at the nouthern margin of the southern Tianshan (Xinjiang)
consists of extensively deformed peridotites (Iherzolite, harzburgite and wehrlite) associated with foliated and lineated
mafic composition-dominated granulites, together carried up and emplaced into greenschist-lower amphibolitefacies
metasediments at 380-420 Ma. The granulite-peridotite units are interpreted as tectonic slices of continental mantle and
lower crustal materials immediately adjacent the Moho. The high pressure metamorphic slices were extruded by tectonic
compression from a detachment in the crust-mantle boundary up into the greenschist-lower amphibolite-facies midde
crust along intracontinental thrust shear zones. Such compressional uplifts of the crust-mantle transition zone were
similar to the Ivrea-Verbano zone in the southern Alps of Italy and the Jijal-Patan-Chilas seugence in the Kohistan arc of
Pakistan. The boundary between mafic granulites and peridotites, which represents an exposed example of the Moho, is
a high strain zone: in the mantle rocks olivine defomed by diffusion-accommodated grain bounadry sliding while
pyroxenes deformed by disloaction creep, and in the lower crustal mafic granulites both pyroxenes and plagioclase
deformed by dislocation creep. Thus, the Yushugou massif provides important clues to the nature and seismic
reflecitivity of the continental Moho.

Keywords: exposed continental Moho; window on crust-mantle transition zone; compressional uplift; granulite-
peridotite terrain; Yushugou; Tianshan



