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Abstract

Nd isotope data from pre-Cenozoic siliciclastic rocks from Tibet are used to determine variations of source regions with time and
hence tectonic history. On average, the Ty and Tcyyr ages of the Tibetan samples are up to 1.83+0.36 Ga and 1.25+0.45 Ga,
respectively, indicating that Tibet is underlain by Lower Proterozoic basement and has close affinity with the Himalayas. An Nd
isotope crisis occurred at the Early Permian, with older samples defining a trend of slight decrease in eng values with time while the
Lower Permian rocks sharply increasing ~ 6.5 enq units. This is related to the coeval widespread basaltic magmatism in Tibet, which
could be responsible for Tibet rifting away from northern Gondwanaland. The central Qiangtang meta-sedimentary samples have
distinct Nd isotope characteristics (eng(0) —19.87+1.51; Tpp 2.07£0.13 Ga; Tepgur 1.78+0.21 Ga) from the Songpan—Ganzi
samples (eng(0) —12.77+2.87; Tpy 1.4940.18 Ga; Tcyur 1.08+£0.23 Ga), suggestive that these two groups were derived from
different sources and that the former were not the equivalents of the latter that was underthrust from the Jinsa suture and may represent
subducted continental crust. The Mid-Jurassic flysch rocks in northern Lhasa have typical upper crust Nd isotopic signatures and
could have formed under a passive margin environment. Their Bangong counterparts, averagely 6.35 units higher in enq values,
unveil derivations from a likely magmatic arc along the northern Bangong margin. Basaltic pebble with low Nd content and eng value
from the Berriasian—Valanginian rocks in central Tibet, along with the samples with generally high eng values, shows that the
Bangong ophiolites could have been a main source of sediments during the earliest Cretaceous time. A significant transition of
sediment sources occurred at the beginning of the Hauterivian Stage (~ 120 Ma). Sedimentary basaltic tuff (enq(£)2.27) in the
Hauterivian—Lower Cenomanian samples in central Tibet, and common Nd signatures for input of mantle-like materials in these
rocks, indicate that mantle-derived magmatic rocks could have constituted a significant source. The huge Hauterivian—Lower
Cenomanian sediments in central Tibet are thus inferred to have been accumulated under a (back-arc) rifting setting.
© 2007 Elsevier B.V. All rights reserved.
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about the pre-Cenozoic tectonism of Tibet still remain
open to intense debate. Among them include, for
example, the nature and origin of the central Qiangtang
metamorphic belt (e.g. [4-8]), the structure and
evolution of the Bangong—Nujiang suture (e.g. [9—13]),
and role of the Late Mesozoic Lhasa—Qiangtang collision
in the growth of the plateau (e.g. [4,14—16]), etc. This has
impeded our understanding of the evolution of the
Tethys.

In recent years, Nd isotopic systematics has been
proven to be a powerful tool for investigating the
sources and the tectonic significance of sedimentary
rocks (see reviews [17—19]). These rocks may provide
information on the provenance and, hence, crustal
growth as well as orogenesis (e.g. [19,20]). In this
study Nd isotopic data from pre-Cenozoic siliciclastic
sediments from critical horizons from various tectonic
entities in Tibet, western China have been analyzed, in
an attempt to determine variations of source regions
with time and hence tectonic history.

2. Geologic setting

From north to south, Tibet is comprised of the
Songpan—Ganzi flysch complex, Qiangtang, and Lhasa
terranes, which are separated by the east-striking Jinsa
and Bangong—Nujiang suture zones, respectively
(Fig. 1) [1-4,11-13]. The paleo-Tethys represented by
the present Jinsa suture opened possibly in Early
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Carboniferous time [21] and closed by latest Triassic
time [2,3]. On its north, the Songpan—Ganzi complex is
a thick pile of deformed Ladinian through Norian
(~230-203 Ma) turbidites [22].

The >500-km-long central Qiangtang metamorphic
belt is a prominent feature in northern Tibet (Fig. 1). It
has been proposed to represent an ultrahigh-pressure
eclogite-bearing continental collision belt between the
eastern and western Qiangtang blocks (Fig. 1) [8], or
alternatively to contain a large metamorphic core
complexes northerly underthrust from the Jinsa suture
[4-6]. The eastern Qiangtang block is dominantly
covered by Upper Triassic—Upper Jurassic marine
intercalated siliciclastic rocks and limestones, with
Carboniferous—Permian shelf strata cropped out in its
easternmost margin [12,23,24]. In contrast, western
Qiangtang is occupied by Carboniferous—Permian shelf
strata, with Jurassic marine rocks exposed in its northern
and southern limbs [12,23-25]. Therefore, structurally,
Qiangtang can be regarded as a large-scale anticlinorium
[4], with the central segment occupied by an anticline
composed of pre-Jurassic strata and the northern and
southern limbs by synclines largely made up of Jurassic
sedimentary rocks. Abundant late Paleozoic tillites and
glaciomarine faunas have been documented in these
Carboniferous—Permian strata in the Qiangtang terrane
(e.g. [13,25-27] and references therein).

The mid-Tethys branch between the Lhasa and
Qiangtang terranes was open by about Permian [1,3] or
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Early Jurassic time [26] and closed along the Bangong—
Nujiang suture during Late Jurassic time [3,9]. This suture
zone is filled by the Jurassic flysch sequence and sporadic
ophiolitic fragments (Figs. 1 and 2) [12]. The Lhasa
terrane can be divided into a continental Lhasa block in
the north and a magmatic arc (Gangdese arc) in the south
(Fig. 1) [12]. The northern Lhasa block is discriminated
from its southern counterpart by extensive, late Mesozoic
(mainly Cretaceous), back-arc basin sequences
[12,15,16,23,24,28], and contains scattered outcrops of
Paleozoic shelf sediments with the Middle Ordovician as
known oldest sedimentary unit (Fig. 2) [12]. Also exposed
over Jurassic flysch series are numerous ophiolitic
fragments, which have been interpreted as relict of
overthrust sheets, transported from the Bangong—Nujiang
suture [2,9,10], or as markers of an intra-Lhasa suture
[11,13,29]. In particular, the ophiolitic fragments are
widespread in the area between the Naqu—Shenza to the
Bangong—Nujiang suture zone (Fig. 1) [9,10].

It is generally inferred that the Lhasa block was
separated from the Gondwanan supercontinent around
Triassic/Jurassic boundary times (e.g. [1,3]). During
Jurassic and Cretaceous time, a relatively wide passive

continental margin existed along the northern rim of the
Indian plate (e.g. [12,26]). During latest Cretaceous and
earliest Tertiary time, the Indian subcontinent collided
with the amalgamated Eurasian continent. Since about
50 Ma [1-3] or even 70 Ma [4], northward indentation
of India has led to approximately 2000 km of crustal
shortening, giving rise to the Tibetan plateau.

3. Samples and methods

A sketch of pre-Cenozoic stratigraphic data in Tibet
and sampling horizons in this study is shown in Fig. 2.
All eleven sampling profiles covered critical pre-
Cenozoic horizons across main tectonic entities of
Tibet. Except for profiles QG and GZ in central
Qiangtang and profile P in Songpan—Ganzi, the other
eight sampling profiles are with fine biostratigraphic
control. For profiles BC+, BV4, and HB6 in central
Tibet, a detailed description of petrography, stratigraphy
and lithofacies has been given by [15,16]. The samples
from profiles GZ, LG, MG, P, and QG are lithologically
homogeneous slate or schists. Most samples from other
profiles represent fresh, unmetamorphosed exposures.
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the ultrahigh-pressure metamorphism that occurred at about 240 Ma [8].
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Table 1

Nd isotope data of pre-Cenozoic siliciclastic rocks from Tibet

Sample  Rock type Period Age Sm Nd Y7Sm/"Nd "Nd/Nd +26 Tpm® Totar end(®  ena(0)

(Ma) (ppm)  (ppm) (Ga) (Ga)

Songpan—Ganzi, profile P

PO Slate Late Triassic 210 4.72 26.22 0.1089 0.512078 10 1.40 0.97 —8.57 -10.92

P2 Slate Late Triassic 210 4.28 23.65 0.1094 0.512082 8 140 0.97 -850 —10.84

P9 Slate Late Triassic 210 4.76 26.09 0.1102 0.511932 8 1.63 1.24 —11.47 -13.78

p12° Slate Late Triassic 210 4.10 22.53 0.1101 0.512134 9 134 0.89 -7.51 -9.83

P13 Slate Late Triassic 210 4.52 25.62 0.1066 0.512187 9 122 0.76 -6.39 —8.80

P2-8 Slate Late Triassic 210 6.75 39.66 0.1029 0.511792 9 172 1.37 —13.99 —-16.49

P2-11 Slate Late Triassic 210 4.97 28.07 0.1070 0.511872 9 167 1.30 —12.55 —14.95

P4-2 Slate Late Triassic 210 3.02 16.06 0.1135 0.512153 8 135 0.89 =723 -9.46

P4-11 Slate Late Triassic 210 5.67 32.57 0.1053 0.511858 9 1.66 1.30 -12.77 —-15.21

Average®© 1.49 1.08 -10.38 —12.77

Central Qiangtang, profile GZ°

GZ-18 Schist Unknown 5.12 29.98 0.1031 0.511555 10 2.05 1.76 -21.13

GZ-19 Schist Unknown 5.75 30.98 0.1121 0.511643 11 2.10 1.79 -19.41

GZ-20 Schist Unknown 4.65 23.49 0.1198 0.511675 10 223 1.90 —18.79

GZ-21 Schist Unknown 3.94 23.09 0.1031 0.511648 11 192 1.61 —19.30

GZ-22 Schist Unknown 435 26.77 0.0982 0.511634 10 1.86 1.55 —19.58

GZ-24 Schist Unknown 5.45 32.04 0.1028 0.511548 10 2.06 1.76 -21.25

GZ-25 Schist Unknown 3.78 22.47 0.1015 0.511606 10 195 1.65 -20.14

GZ-26°  Schist Unknown 6.75 37.65 0.1084 0.511626 14 2.05 1.74 —19.74

GZ-27 Schist Unknown 14.65 67.55 0.1311 0.511632 9 262° 2.33 —19.63

GZ-28 Schist Unknown 6.79 36.49 0.1125 0.511605 8 217 1.86 -20.15

GZ-29 Schist Unknown 5.33 29.23 0.1103 0.511588 10 215 1.85 -20.49

Average© 2.11 1.80 -19.94

Central Qiangtang, profile 0G

QG-1 Schist Unknown 4.85 26.69 0.1099 0.511587 9 214 1.84 -20.49

QG-4 Schist Unknown 8.66 45.67 0.1146 0.511643 7 216 1.84 -19.41

QG-9 Schist Unknown 2.04 11.01 0.1119 0.511890 11 1.73 1.34 —14.60

QG-10°  Schist Unknown 5.95 32.90 0.1093 0.511621 10 2.08 1.77 —19.83

QG-11 Schist Unknown 6.61 36.27 0.1102 0.511576 9 217 1.87 -20.72

Average®© 2.05 1.73 —19.00

Western Qiangtang, profile BG

BG-11 Mudstone Early 280 4.86 29.18 0.1006 0.512073 7 131 0.90 -7.58 —11.01
Permian

BG-12 Sandstone Early 280 5.14 27.17 0.1144 0.512119 8§ 142 0.96 -7.19 —10.13
Permian

BG-13  Mudstone Early 280 6.21 31.81 0.1180 0.512044 9 159 1.15 -8.78 —11.59
Permian

BG-15 Sandstone Early 280 6.70 35.82 0.1130 0.512113 9 141 0.95 =724 —10.23
Permian

BG-18  Siltstone  Early 280 5.63 30.00 0.1135 0.512129 9 139 0.93 -6.95 -9.92
Permian

BG-20  Mudstone Early 280 6.31 35.55 0.1073 0.512064 8 140 0.98 -8.01 —11.20
Permian

BG-22  Mudstone Early 280 5.81 29.00 0.1212 0.512055 10 1.62 1.18 -8.67 —11.36
Permian

BG-24® Mudstone Early 280 5.90 30.10 0.1185 0.512069 9 1.56 1.11 -831 —11.10
Permian

BG-25  Mudstone Early 280 5.20 29.80 0.1054 0.511990 8 148 1.08 -9.38 —12.64
Permian

Average© 1.46 1.03 -8.01 —11.02

BG-C Shale Late Carbon. 300 4.29 23.32 0.1113 0.511669 9 205 1.72 —15.64 —18.90

(continued on next page)
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Sample  Rock type Period Age Sm Nd Sm/MNd "NA/MNA £20 Tpy® Totur ena(®  ena(0)
(Ma) (ppm)  (ppm) (Ga) (Ga)

Bangong—Nujiang, profile MG

MG1 Slate Middle 180 4.40 19.31 0.1378 0.512219 11 1.65° 1.08 -6.82 -8.17
Jurassic

MG2° Slate Middle 180 3.27 12.67 0.1561 0.512126 11 2.44°¢ 1.91 -9.06 —9.99
Jurassic

MG3 Slate Middle 180 4.89 18.70 0.1581 0.512217 12 227°¢ 1.66 -733 -822
Jurassic

MG4° Slate Middle 180 4.81 21.52 0.1352 0.512194 11 1.64°¢ 1.10 -725 —8.66
Jurassic

MGS5 Slate Middle 180 3.88 15.76 0.1490 0.512157 12 2.09°¢ 1.53 -8.29 -9.38
Jurassic

Average®© 1.55 -7.62 —8.78

Bangong—Nujiang, profile BV4

BV4p®  Basalt Berriasian— 130 2.68 11.17 0.1451 0.512603 11 0.98° 0.10 0.18 —-0.67

pebble Valanginian

BV4-1 Mudstone Berriasian— 130 6.30 34.90 0.1093 0.512119 10 1.35 0.90 -8.67 —10.12
Valanginian

BV4-2 Siltstone  Berriasian— 130 3.72 19.05 0.1179 0.512253 11 126 0.75 -621 -7.52
Valanginian

BV4-4 Sandstone Berriasian— 130 4.44 19.99 0.1345 0.512181 12 1.65° 1.12 —7.88 —8091
Valanginian

BV4-5 Sandstone Berriasian— 130 3.64 18.16 0.1213 0.512417 13 1.04 0.45 -3.07 -432
Valanginian

Average© 1.21 0.80 -6.88 —8.17

Lhasa, profile DQ

DQ-S1 Shale Middle 420 4.41 24.64 0.1082 0.511740 12 1.88 1.54 —12.78 —17.52
Silurian

DQ-S2  Shale Middle 420 4.52 25.63 0.1067 0.511731 12 187 1.53 —12.88 —17.69
Silurian

Average© 1.88 1.54 —12.83 —17.60

Lhasa, profile LZ

LZ-1 Shale Early 280 3.52 18.52 0.1150 0.512102 4 145 1.00 =754 —10.46
Permian

Lz-2 Shale Early 280 4.46 21.19 0.1273 0.512083 7 1.69 1.22 -835 -10.83
Permian

Average© 1.57 1.11 —7.97 —10.65

Lhasa, profile LG

LGl Slate Middle 180 3.64 18.12 0.1213 0.511911 15 187 1.47 —1245 -14.18
Jurassic

LG2 Slate Middle 180 5.49 29.86 0.1110 0.511791 13 1.86 1.51 —14.57 —16.53
Jurassic

LG3 Slate Middle 180 3.53 18.35 0.1164 0.511822 13 191 1.55 —14.07 —15091
Jurassic

LG4 Slate Middle 180 3.43 17.27 0.1200 0.512037 12 1.63 1.19 -9.98 —11.73
Jurassic

LG5 Slate Middle 180 2.16 11.38 0.1147 0.511761 15 197 1.63 -1523 -17.11
Jurassic

Average© 1.85 1.46 -13.31 -15.16

Lhasa, profile HB6

HB6-1 Sandstone Hauterivian— 120 4.87 23.57 0.1249 0.512754 10 0.52 -0.25 3.37 2.27

E. Barrem.
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Table 1 (continued)

Sample  Rock type Period Age Sm Nd Y7Sm/MNd "PNd/Nd +20 T, DM Tohur ena(®)  ena(0)
(Ma) (ppm) (ppm) (Ga) (Ga)

Lhasa, profile HB6

HB6-2 Mudstone Hauterivian— 120 3.77 17.20 0.1325 0.512078 10 1.81° 1.33 -9.94 -10.92
E. Barrem.

HB6-3 Sandstone Hauterivian— 120 4.70 23.94 0.1188 0.512146 12 144 0.96 -840 -9.59
E. Barrem.

HB6-4® Mudstone Hauterivian— 120 4.02 20.75 0.1171 0.512216 11 1.30 0.81 -7.02 -8.23
E. Barrem.

HB6-5 Sandstone Hauterivian— 120 2.39 11.98 0.1207 0.512307 12 1.21 0.67 =530 -6.47
E. Barrem.

HB6-6 Mudstone Hauterivian— 120 4.19 20.48 0.1237 0.512269 10 1.31 0.77 -6.08 —7.20
E. Barrem.

HB6-7 Sandstone Hauterivian— 120 3.48 17.38 0.1209 0.512152 11 1.46 0.98 -831 -9.47
E. Barrem.

HB6-8 Siltstone  Hauterivian— 120 2.58 11.64 0.1342 0.512124 10 1.76° 1.25 -9.06 —10.02
E. Barrem.

HB6-9 Siltstone  Hauterivian— 120 2.68 11.74 0.1382 0.512306 12 1.48° 0.87 —-5.58 —6.48
E. Barrem.

HB6-10  Sandstone Hauterivian— 120 3.15 15.32 0.1242 0.512179 8§ 147 0.96 -7.84 —-8.94
E. Barrem.

Average© 1.24 0.83 -6.10 —7.52

Lhasa, profile BC+

BC+1 Siltstone  Albian 100 4.41 22.76 0.1171 0.512103 11 148 1.03 -9.43 —10.44

BC+2 Siltstone  Albian 100 4.51 19.33 0.1410 0.512312 11 1.53¢ 0.89 -5.66 —6.37

BC+3°  Siltstone  Albian 100 13.41 67.53 0.1201 0.512184 10 1.40 0.90 -7.89 —8.86

Average© 1.44 0.94 -7.81 —8.75

? The model ages Tpy were calculated following the model of DePaolo [32].

° Duplicate analysis.

¢ The Tpy value labeled unrealistic model age was not included in the calculation of the average Ty value; weighted average eng of i samples

was calculated:

end = 2(ena [Nd];)/Z[Nd];), where [Nd] is the Nd concentration.

4 The age of the meta-sedimentary rocks in the central Qiangtang metamorphic belt is unknown, but should be older than 240 Ma, for the ultrahigh-

pressure metamorphism that occurred at about 240 Ma [8].
¢ Unrealistic model age probably due to elevated Sm/Nd ratio.

Care was taken in sampling in all the profiles in order to
avoid hydrothermal alteration and mineralization.

Fresh rock samples were powdered to 200 mesh in an
agate mill to avoid contamination. The Nd isotopic
ratios were measured with a Micromass IsoProbe™
multiple-collectors inductively coupled plasma-mass
spectrometer (MC-ICPMS) at the Isotopic Laboratory
of Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. The analytical technique fol-
lowed Liang et al. [31]. The analytical errors were less
than 0.002% for '**Nd/'**Nd. Total procedural Nd
blanks were less than 70 pg during the period of sample
analysis. The accuracy of the concentrations and the Sm/
Nd ratios was better than 2% and the reproducibility of
"3Nd/ '"**Nd ratios was less than 2.5 x 107° (26). These
values were determined both by 20 measurements of

Shin-Etsu JNDi-1 standards with "**Nd/"**Nd ratios of
0.512120 (12), and by some duplicates that were melted
before dissolution, which confirmed the complete
dissolution of the samples in the Teflon vessels.

The Nd isotopic data determined in this study are listed
in Table 1, and are graphically presented in Figs. 3 and 4.
Depleted mantle model ages were calculated following
the model of DePaolo [32]. The sediments analyzed are
essentially fine-grained (siltstones, slates, mudstones) and
some sandstones, and the differences observed for
depleted mantle model ages could be an artifact of
differences in mixing proportions (e.g., [33]). Therefore,
we mainly employed the eng values to determine
provenance sources and tectonic setting of the sedimen-
tary rocks in this study, with a cautious incorporation of
the depleted mantle model ages. In particular, we did not
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use those depleted mantle model ages for the samples with
elevated '*"Sm/'**Nd ratios (>0.130), which may be a
product of modification by secondary processes, espe-
cially diagenetic reactions [34,35].

4. Nd isotope data

All the nine analyzed samples from profile P in the
Songpan—Ganzi complex (Figs. 1 and 2) range in &ng(0)
values from —8.8 to —16.49, and have eyng(0) values of
—12.77+2.87, Tpy ages of 1.49+0.18 Ga, Tcyyr ages
of 1.08+0.23 Ga, and "*’Sm/'**Nd ratios of 0.108=
0.003 (Table 1).

The majority of the samples from profiles GZ and
QG in the central Qiangtang metamorphic belt (Figs. |
and 2) are characterized by low &nq(0) values of —18.79
to —21.25,0ld Ty ages of >1.9 Ga and Tcpyr ages of
>1.55 Ga. One exception is sample QG-9, which
yielded an eng(0) value of —14.66, a Tpy age of
1.73 Ga and a Tcyyr age of 1.34 Ga. This sample also
has the lowest Nd content of 11 ppm, while the Nd
concentrations of other samples are generally more than
22 ppm. All these samples have an average eng(0) value
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Fig. 3. Variation of eny(f) with sedimentation ages for the pre-
Cenozoic siliciclastic rocks from Tibet. The age of the meta-
sedimentary rocks in the central Qiangtang metamorphic belt is
unknown, but should be older than 240 Ma, for the ultrahigh-pressure
metamorphism that occurred at about 240 Ma [8], and the double
arrows represent the possible range of enqg(#) values of these central
Qiangtang meta-sedimentary rocks. Data are from Table 1 and the time
intervals after Cowie and Bassett [30]. Five Lhasa samples labeled H
and two eastern Qiangtang samples are after Harris et al. [40]. The
fields for the southern Britain sediments and Australian shales are after
[57,58], respectively.

of —19.87,and average Tpy and Teyyr ages of 2.07 Ga
1.78 Ga, respectively. Most of the samples have
147Sm/'"**Nd ratios lower than 0.115 (Table 1), which
is the average value usually reported for the detrital
sediments and corresponds to the average value for the
upper continental crust (e.g., [36—39]).

In the western Qiangtang block, the Lower Permian
samples from profile BG (Figs. 1 and 2) produced
apparently higher en4(0) values that range from —9.92 to
—12.64, with an average &nq(0) value of —11.02. These
samples also have young Ty (1.31 to 1.62 Ga, average
1.46 Ga) and Tcyur (0.90 to 1.18 Ga, average 1.03 Ga)
ages. Most of the samples have '*’Sm/'**Nd ratios lower
than 0.115. In contrast, however, one Upper Carbonif-
erous shale from the same profile (Figs. 1 and 2) exhibits
much lower exng(0) value (—18.90) and apparently older
Tpom (2.05 Ga) and Teyur (1.72 Ga) ages (Table 1).

In the Bangong—Nujiang suture zone, a characteristic
feature of the Mid-Jurassic flysch shale samples from
profile MG (Figs. | and 2) is their remarkably high
1479 m/'**Nd ratios that vary between 0.135 and 0.158.
This suggests either that the sedimentary processes that
formed these samples favor higher Sm/Nd ratios or that
at least one end-member had an Sm/Nd ratio higher than
the typical continental crust. These samples have &nq(0)
values of —8.81£0.79 and Nd concentrations of 17.81+
3.41 ppm (Table 1).

In order to determine the eng values of the eroded
rocks directly, one basaltic pebble (BV4p) extracted
from pebbly sandstone in profile BV4 from the
Bangong—Nujiang suture zone (Figs. 1 and 2). It
yielded &xg(0) value (—0.67), high '*’Sm/"**Nd ratio
(0.145), and very low Nd content (11.17 ppm). The
other four Lower Cretaceous (Berriasian—Valanginian.
Insert in Fig. 2) siliciclastic samples from this profile
have changing eng(0) values from —4.32 to —10.12
(average —8.17+2.50), Tpy ages from 1.04 to 1.35 Ga
(average 1.214£0.16 Ga), Tcyyr ages from 0.45 to
1.12 Ga (average 0.80+0.28 Ga), and '*’Sm/'**Nd
ratios from 0.109 to 0.134 (average 0.121+0.01).
Among them, three samples have Nd contents of 18—
20 ppm, and the Nd concentration of another sample is
up to 34.9 ppm (Table 1).

In the Lhasa block, two Middle Silurian shales from
profile DQ (Figs. 1 and 2) produced &eng(0) values of
—17.52 and —17.69, Tpy ages of 1.87 and 1.88 Ga, and
Tcnur ages of 1.53 and 1.54 Ga, respectively. Two Lower
Permian shales from profile LZ (Figs. 1 and 2) display
obviously larger eng(0) values (—10.46 and —10.83,
respectively) and manifestly younger 7py (1.45 and
1.69 Ga, respectively) and 7Tcyyr (1.00 and 1.22 Ga,
respectively) ages (Table 1), and show strong similarity to
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their equivalents in the western Qiangtang block (Fig. 3).
Unlike their Bangong—Nujiang counterparts, the Middle
Jurassic flysch samples from profile LG in northern
Lhasa (Figs. 1 and 2) produced '*’Sm/'**Nd ratios of
0.117+0.004, eng(0) values of —15.16+2.18, Ty ages
of 1.85+0.13 Ga, and Tcyyr ages of 1.46+0.16 Ga.
Except for sample LG2 (Nd =30 ppm), other four samples
exhibit Nd contents of <20 ppm. (Table 1).

Most of the samples from profile HB6 exhibit
negative &ng(0) values from —6.47 to —10.92, and
moderate Ty (from 1.26 to 1.47 Ga), and Tcpyr (from
0.67 to 1.33 Ga) ages. One exception is sample HB6-1.
It yielded a positive eng(0) value of 2.27, a young Tpm
age of 0.68 Ga, and a negative Tcyyr age. All the
samples have '*’Sm/'*!Nd ratios more than 0.117
(average 0.126+£0.007) but Nd contents lower than
24 ppm (average 17.4+4.72 ppm). Notably, three
siliciclastic samples from the rare intercalations in the
Mid-Cretaceous monotonous limestones (profile BC+)
show strong similarity to Nd isotope characteristics to
those from profile HB6 by varying negative &ng(0)
values (—8.75+2.05), young Tpy and Tchur ages
(average 1.44 and 0.94 Ga, respectively), and high
7S m/'"**Nd ratios (0.126+0.013).

5. Discussion

5.1. Tectonic implications of the Early Permian Nd
isotope crisis

A crisis of the Nd isotopes with sedimentation ages
occurred at the Early Permian (~280 Ma) (Fig. 3). Our

two Mid-Silurian and one Upper Carboniferous samples,
along with our meta-sedimentary rock samples from
central Qiangtang and three Upper Carboniferous
samples from Harris et al. [40], define a weak trend of
decrease in &nq values in the younger sediments prior to
the Early Permian (Fig. 3). Such a trend reveals con-
tinuous reworking of Tibetan crust prior to the Early
Permian, with no introduction of younger material by
either magmatic or tectonic processes. However, the
Lower Permian samples from the Lhasa and Qiangtang
blocks remarkably increase approximately 6.5 eng units
(Fig. 3) and therefore their Ty and Tcpyr ages decrease
~0.4 Gaand ~ 0.5 Ga, respectively (Table 1). From then
on, this increasing trend in eygq With decreasing age of
sedimentation seems to be irregularly continued (Fig. 3).

This Nd isotope crisis means that there is an in-
tense input of a juvenile mantle-derived component (e.g.
[17-20]) during the deposition of the Lower Permian
formations. Arc magmatism or orogenesis due to plate
accretions was the dominant reason for increase of eng
values in the Songpan—Ganzi complex and the Qiangtang
and Lhasa blocks in the Mesozoic [40]. However, similar
tectonothermal event was lacking in these three tectonic
entities at the Early Permian [12,25]. Lower Permian
sandstone samples in western Qiangtang are character-
ized by abundant plagioclase grains (20—40 wt.%,
generally Ab<50) and sporadic augite grains as well as
minor basaltic lithic fragments. Because of widespread
intercalations of basalt in the Lower Permian siliciclastic
rocks [12,25,41], along with the above-mentioned
petrographic features of the samples indicative of distinct
input from these nearby basalts, we attribute the Early
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Permian Nd isotope crisis to such mafic magmatism.
The Early Permian basalts are widespread not only in
central Qiangtang [7,8], in western Qiangtang
[12,25,41], but also in Lhasa [12]. They have maximum
thickness of >2000 m [41] and geochemically exhibit
typical oceanic island basalt (OIB) characteristics [7,8].
We speculate that an Early Permian (~280 Ma) mantle
plume upwelling event could be responsible for the Nd
isotope crisis recorded in the siliciclastic rocks. This
mantle plume upwelling event could have perhaps
initiated not only the rifting of Tibet away from northern
Gondwanaland, but also the separation of Qiangtang
from Lhasa.

5.2. Affinity of the Tibetan basement

Tibet as the passive margin of Gondwanaland during
the Paleozoic has been suggested by broad geologic
studies already [2,3,12]. On average, the Ty age of the
pre-Cenozoic siliciclastic rocks in both the Lhasa and
Qiangtang blocks from this study is up to 1.65+0.36 Ga,
suggestive of that Tibet is underlain by Lower Pro-
terozoic basement. Many samples display low &ng(0)
values up to —20. Moreover, the samples are over-
whelmingly plotted in the field of the Tethyan, Greater,
and Lesser Himalayas ([42—44] and references therein)
in an exng(0) vs. Nd model ages (Tcpyur) diagram (Fig. 4).
Therefore, most likely, Tibet is underlain by Hima-
laya-type Early Proterozoic basement and has close
affinity with the Himalayas. This is consistent with the
fact that the Himalayas and the Lhasa block have
similar Precambrian basement and underwent the
emplacement of magmas in early Paleozoic times on
the basis of U-Pb dates on zircons ([43,45,46] and
references therein).

5.3. Origin and nature of the central Qiangtang
metamorphic belt

The >500-km-long and up to 100-km-wide blues-
chist-bearing metamorphic belt within the Qiangtang
interior, is a prominent feature in the Tibetan plateau
(Fig. 1). Its origin remains open to intense debate, and
has been interpreted as: (1) early Mesozoic mélange that
was underthrust northerly from the Jinsa suture and then
exhumed in the interior of the Qiangtang block [4—6];
(2) a Late Paleozoic rift (e.g. [47]); (3) an ultrahigh-
pressure metamorphic belt produced by the Eastern and
Western Qiangtang continental collision along the in
situ Shuanghu suture zone [7,8]. These three main
models have fundamental differences in the first-order
crustal structure and accretionary history of the central

Tibetan plateau [6,8,47]. The origin of the central
Qiangtang metamorphic belt thus forms a key aspect for
understanding the evolution of the Tethys.

A compilation of Sm—Nd data [20] shows the
influence of the geodynamic locations (active or passive
margins) on the isotopic compositions of the sediments.
Clearly, in the present case of central Qiangtang, low
and homogenous &ny(0) values (—19.87+1.51), old and
uniform TDM (207:|:013 Ga) and TCHUR (178:|Z
0.21 Ga) ages, and fairly restricted '*’Sm/"**Nd ratios
(0.110£0.008) (Table 1) indicate their cratonic/passive
margin setting, old provenance, and long sedimentary
recycling histories. This agrees well with the conclu-
sions drawn from geochemical studies [7]. In contrast,
the meta-sedimentary rocks from the Songpan—Ganzi
Complex exhibit much higher eng(0) values (—12.77+
2.87) and younger Tpy (1.49+0.18 Ga) and Tcpur
(1.08+0.23 Ga) ages (Table 1). These Sm—Nd isotope
data confirm earlier conclusion of old sediment sources
of the Songpan—Ganzi flysch sequences based on U-Pb
detrital zircon geochronology [48]. However, the
distinct Sm—Nd isotope characteristics suggest that the
meta-sedimentary rocks from central Qiangtang and
Jinsa should have been derived from sharply various
source regions and tectonic settings that have obviously
different Nd isotopic characteristics [20]. The central
Qiangtang metamorphic rocks should not be the
equivalents of the Songpan—Ganzi flysch sequence
that was northerly underthrust from the Jinsa suture
during the early Mesozoic [4—6]. Because the mafic
rocks intermingled with these central Qiangtang meta-
sedimentary rocks have undergone (ultra) high-pressure
metamorphism [8], they should represent subducted and
then exhumed continental crust.

5.4. Structure and evolution of the Bangong—Nujiang
suture zone

Intensive debates regarding the structure and evolution
of the Bangong—Nujiang suture zone focus on: (1) the
nature of the ophiolite massifs within the northern Lhasa
blocks (Fig. 1) (overthrust sheets or in situ suture(s)
(e.g. [11,13]); (2) subduction polarity of the Bangong—
Nuyjiang Tethyan ocean (southward or northward (e.g.
[21,49]); and (3) role of the Lhasa—Qiangtang collision in
the growth of the Tibetan plateau (elevation by 3—4 km
since 99 Ma [4,14] or negligible [15,16,24,28]).

The Nd isotopes of the Late Mesozoic siliciclastic
rocks may provide useful constraints on this key issue of
Tibetan tectonics. As stated above, the Mid-Jurassic
flysch rocks (profile MG) in the Bangong—Nujiang
suture zone possess distinct Nd isotope characteristics
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from their counterparts (profile LG) in the northern
Lhasa block (Fig. 3). The latter have typical upper crust
1479 m/"**Nd ratios (0.117+0.004), low exg(0) values of
- 1516ﬂ:218, and old TDM (185i013 Ga) and TCHUR
(1.46+0.16 Ga) ages (Table 1), suggestive of their most
likely derivations from passive margin setting. There-
fore, the northern Lhasa block most likely represents a
passive margin prior to the Lhasa—Qiangtang collision.
The intra-Lhasa suture models for the ophiolitic slices
on the northern Lhasa block is not favored here, because
the Mid-Jurassic flysch sequence should have formed in
an active continental margin [11] if these models were
right. Compared with the latter, the former are averagely
6.35 units higher in eng values (Table 1). This situation
could have formed either by the secondary sedimentary
processes [34,35] that formed the samples in the
Bangong—Nujiang suture zone favoring higher Sm/Nd
and/or "®Nd/"**Nd ratios, or by input of at least one
end-member having Sm/Nd and/or "**Nd/'**Nd ratios
higher than the typical continental crust [38,50]. In
order to examine whether the secondary sedimentary
processes have resulted in elevated '**Nd/'**Nd and
1478 m/'**Nd ratios of these Bangong—Nujiang samples,
we analyzed the rare earth element (REE) compositions
of other four samples through profile MG (Table 1 in the
Appendix). These nine Bangong—Nujiang samples
exhibit similar REE patterns with no Ce anomaly and
no REE fractionation (Fig. 1 in the Appendix).
Therefore, according to McDaniel et al. [33], it is highly
impossible for the secondary sedimentary processes to
have acted as a main factor for the elevation of
SNd/"Nd and 'Sm/'**Nd ratios of these Ban-
gong—Nujiang samples. Chemical sediment and mantle-
derived material are two candidates with higher Sm/Nd
and/or 'Nd/"**Nd ratios than the typical continental
crust. However, petrographic observations did not show
appreciable chemical sediments, except for SiO,, in
these clastic rocks. Therefore, we tend to attribute the
Nd isotope characteristics of the Bangong—Nujiang
samples to input of the mantle materials. A source of
ophiolite for these Mid-Jurassic Bangong—Nujiang
sediments deposited at ~ 180 Ma is absent for obduction
of the ophiolite from the Bangong—Nujiang ocean
occurred at ~ 152 Ma [51]. Therefore, it is possible that
a magmatic arc along the northern margin of the
Bangong—Nujiang Ocean could have provided mantle-
like materials for these sediments.

The low Nd content (11 ppm) of the basaltic pebble
(BV4p; Table 1) from the Berriasian—Valanginian (Lower
Cretaceous) siliciclastic rocks in the Bangong—Nujiang
belt, with no carbonation and silicification observed,
indicates that it could not have come from the coeval arc

volcanic rocks in the Lhasa block, because their Nd con-
tents are generally more than 20 ppm (e.g. [41,52-54]).
Instead, low Nd contents are a characteristic of the mafic
rocks from the Bangong—Nujiang ophiolites [10,55]). Its
low eng(?) value of 0.18 (Table 1) unveils that it must have
been contaminated by continental matter when it formed.
Such contamination has also been identified to be wide-
spread in the Bangong—Nujiang ophiolites [10,55].
Hence, The pebble BV4p was most likely derived from
the ophiolites. The siliciclastic sample BV4-5 with high
eng(?) value of —3 (Table 1) could provide an example for
mixing of the detritus from the ophiolites and the upper
crustal materials, which is consistent with petrographic
observations [16]. Other samples also yielded enq(?)
values higher than —8.67 (Fig. 3; Table 1). A mixing of
42-75 wt.% of mafic fragments from the Bangong—
Nujiang ophiolites could well meet the Nd isotope budget
of these samples, provided another end member is the
average Himalayan continent crust (Sm 6.58 ppm, Nd
35.31 ppm, eng —19; weighted average from [42—-44]).
Therefore, during the Berriasian—Valanginian Stages, the
mafic rocks from the ophiolites in the Bangong—Nujiang
suture could have been one of the main sources of
siliciclastic rocks in the Bangong—Nujiang zone and the
northern Lhasa block [15,16].

Because there are no basalts or other mafic rocks that
were found in the neighboring areas except for the
syndepositional basaltic intercalations [15,16], the
positive eng(0) value of 2.27, young Tpy age of
0.52 Ga, and negative Tcyyr age of sample HB6-1
from profile HB6 (Table 1) indicate it is a weakly-
weathered and shortly-transported sedimentary basaltic
tuff, compatible with previous conclusion based on
geochemical studies [15]. Three samples from profile
HB6, which contain both calcareous interstitial matrix
and abundant limestone lithic fragments as observed by
petrographic studies, exhibit Nd contents lower than
12 ppm but eng(0) values from —6.47 to —10.02
(Table 1), indicating that input of limestone (Nd 5 ppm,
47Sm/"*Nd 0.145, eng —8.1; [56]), instead of addition
of the mafic rocks (e.g., BV4p; low Nd content but high
&ng Vvalue) from the Bangong—Nujiang ophiolites, is the
reason of dilution of Nd concentrations [15]. A mixing
of 13—44 wt.% of the syndepositional mafic volcanic
fragments such as sample HB6-1 with the average
Himalayan continent crust (10-40 wt.%) and limestone
(20—70 wt.%) could well meet the Nd isotope budget
of the HB6 samples. Notably, two samples from profile
BC+ yielded similar Nd isotope signatures to the samples
from profile HB6, including irregular variations of eng
values and '*’Sm/'**Nd ratios, and generally young
Tom and Tepyyur ages (Fig. 4; Table 1), implying that
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they have similar source regions to those from profile
HB6. However, sample BC+3 has strikingly high Sm
and Nd concentrations (13.41 and 67.53 ppm, respec-
tively; Table 1), very rare in the Himalayan rocks
[43,44]. We interpret that this sample (SiO, 65.23 wt.%;
[15]) should have received intense input from strongly
fractionated rhyolitic rocks with high rare earth element
(REE) contents. This is compatible with the conclusion
that it represents weakly weathered sedimentary rhyolitic
tuffs by previous geochemical studies [15]. Therefore,
we believe that the coeval mantle-derived bimodal
volcanic rocks must have played a key role in supplying
the Hauterivian—Early Cenomanian clastic sediments in
central Tibet. Clearly, a significant transition of sediment
sources occurred at the beginning of the Hauterivian
Stage (~120 Ma; [30]). This volcanism during the
Hauterivian—Early Cenomanian in central Tibet was
accompanied by continuous crustal subsidence that
resulted in deposition of the Hauterivian—Lower Cen-
omanian marine sediments up to >5000 m [12,15,16].
We therefore infer that the Hauterivian—Lower Ceno-
manian sediments could have been accumulated under a
(back-arc) rifting setting.

6. Conclusions

1 Sixty-seven pre-Cenozoic siliciclastic rocks from
Tibet were analyzed for Nd isotopes, in an attempt
to determine variations of source regions with time
and hence tectonic history. On average, the Tpy
and Tcyyr ages of the Tibetan samples are up to
1.65+0.36 Ga and 1.25+0.45 Ga, respectively.
Therefore, Tibet is likely underlain by Lower Pro-
terozoic basement and has close affinity with the
Himalayas.

2 An Nd isotope crisis occurred at the Early Permian.
Older samples define a weak trend of slight decrease
in &ng values with time, while the Lower Permian
rocks sharply increase ~ 6.5 engq units. This is related
to the coeval widespread basaltic magmatism in Tibet.
An Early Permian mantle plume upwelling event that
rifted Tibet away from northern Gondwanaland could
be responsible for this basaltic magmatism.

3 The central Qiangtang meta-sedimentary samples have
distinct Nd isotope characteristics (eng(0) —19.87+
1.51; Tpm 2.07+0.13 Ga; Teyur 1.78£0.21 Ga) from
the Songpan—Ganzi samples (eng(0) —12.77£2.87,
Tom 1.49+0.18 Ga; Tepyur 1.08+0.23 Ga). These two
groups must have been derived from different sources,
and the former were not the equivalents of the latter that
was underthrust from the Jinsa suture and may represent
subducted continental crust.

4 The Mid-Jurassic flysch rocks in northern Lhasa
have typical upper crust Nd isotopic signatures and
therefore northern Lhasa could represent a passive
margin setting during early Mesozoic time. Their
Bangong counterparts, averagely 6.35 units higher in
&ng Values, unveil derivations from a likely magmatic
arc along the northern Bangong margin.

5 A significant transition of sediment sources occurred
at the beginning of the Hauterivian Stage (~ 120 Ma).
During the Berriasian—Valanginian Stages, the Ban-
gong—Nujiang ophiolites could have been a main
source of sediments, as shown by ophiolite-derived
basaltic pebble with low Nd content and eng value
and the samples with generally high eng values.
However, basaltic tuff in the Hauterivian—Lower
Cenomanian samples, and common Nd signatures for
input of mantle-like materials in these rocks, indicate
that mantle-derived magmatic rocks could have
constituted a significant source. Therefore, the huge
Hauterivian—Lower Cenomanian sediments in cen-
tral Tibet are inferred to have been accumulated
under a (back-arc) rifting setting.
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