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Abstract The paleogeography and basin type of Upper
Triassic flysch (Langjiexue Group) in the eastern Hima-
layan Orogen are disputed. In order to shed new light on
the flysch’s origin, we applied different sedimentologi-
cal methods. Assemblages of heavy minerals and clastic
components of sandstones were utilized to determine the
primary depositional composition. Heavy mineral indices,
S/M ratios (thickness of sandstone + siltstone “S” versus
slate/mudrock “M”), and paleocurrent data were combined
to reveal the sediment dispersal pattern and the location of
the source areas. In the analyzed sandstones, heavy miner-
als such as zircon, rutile, tourmaline, apatite, and anatase
are most common, and zircon is predominant (most over
60 %). ZTR values range from 60 to 98 % and systemati-
cally increase southward. As a provenance-sensitive param-
eter, RuZi values vary in large magnitude and are signifi-
cantly higher in both the east and west (>20 %) than in the
center. The majority of S/M ratios decrease from north to
south, suggesting an overall decrease in grain size to the
south. Paleocurrent directions vary between 120° and 270°
(main vector 205°, and 185° after 20° counterclockwise
correction), displaying a radial-curved pattern. Variable
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heavy mineral assemblages indicate different sources, and
the sandstones fall in the “recycled” and “mixed-arc orog-
eny” fields of Dickinson triplots, together supporting the
view of multiple sources. Results of the ZTR values, S/M
ratios, and paleocurrent directions illustrate a dispersal pat-
tern, corresponding to a submarine fan system. The prov-
enance and submarine fan dispersal pattern along with the
basin configuration (deep basin with oceanic affinities) sug-
gest that the Langjiexue Group accumulated in a remnant
basin between Lhasa, Greater India, and Australia, where
the sediments dispersed into the basin toward the develop-
ing orogen/suture zone and not away from the orogen, chal-
lenging the provenance direction for the traditional remnant
basin model.

Keywords Sediment dispersal - Provenance - Remnant
basin - Himalayan orogeny - Upper Triassic - Tibet

Introduction

The stratigraphic Shannan Terrane (Li et al. 2016), in the
northeast of the Himalayan Orogen of southeastern Tibet, is
composed of the Upper Triassic flysch (Langjiexue Group).
It is extensively exposed in an area of over 40,000 km?
south to the Yarlung Zangbo Suture Zone (YZSZ) (Fig. 1).
The Upper Triassic has been interpreted either as deep-sea
sediments of the Tethyan Himalaya (Yu and Wang 1990),
i.e., in the northern Indian passive margin (e.g., Wang
1983; Yin and Harrison 2000; Dunkl et al. 2011), or as
an accretionary prism (Zhou et al. 1984; Pan et al. 2004;
Wang et al. 2013) within the mélange belt of the YZSZ to
the west of Xigaze (TBGMR 1993, 1997). These views are
challenged by the recent discovery of southward paleocur-
rent directions in Qonggyai County (Li et al. 2003a; Xu
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Fig. 1 Tectonic zonation of the Himalaya and the Tibet Plateau (simplified after Searle et al. 2006), showing the location of the study area.

Insert at down-left corner is the geotectonic sketch of South Asia

et al. 2009). Subsequent studies supported the idea of one
or more northern sources (e.g., Li et al. 2003b, 2004; Dai
et al. 2008; Xu et al. 2009, 2011; Zeng et al. 2009; Li et al.
2010, 2014; Webb et al. 2013; Zhang et al. 2015). Also a
derivation from either the Lhasa Terrane or a possible inde-
pendent continent in the Neo-Tethys Ocean was proposed
(e.g., Li et al. 2004) and supported (Li et al. 2010, 2014;
Webb et al. 2013; Zhang et al. 2015), and a rift basin was
suggested as well (Li et al. 2010, 2014; Webb et al. 2013).

The interpretation of a rift basin is contrary to the recy-
cled orogenic setting of the source regions (Li et al. 2004;
Xu et al. 2009; Li et al. 2010). Also, the proposition of
multiple sources supplying the basin (Li et al. 2016) black-
balls the rift basin model. It also needs to be mentioned that
data of former works were only locally collected from two
locations (Qonggyai and Rinbung Counties), which seems
unrepresentative of the entire study area. Thus, it is neces-
sary to present more new sedimentological details from the
entire region, relying on additional methods in order to bet-
ter understand the sedimentology in clastic composition,
dispersal, and provenance as well as the basin type of the
Langjiexue Group except for the depositional environments
and lithofacies (Zhang et al. 2015).

By applying different sedimentological methods, a great
number of data were obtained, aiming to clarify the disper-
sal pattern of the Langjiexue Group, to test the idea of mul-
tiple sources and to pinpoint the flysch’s paleogeographic
position within the Tethys Ocean, possibly enabling us to
improve the understanding of the subsequent Indo-Asian
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collision and the geological/tectonic evolution of southern
Tibet.

Geological field investigations and sampling of the
Langjiexue Group have been undertaken in the entire
outcrop area from Rinbung in the west to Zara Village of
Lhunze County in the east (Fig. 2; Table 1). Firstly, the
provenance of Langjiexue Group was probed through anal-
yses of heavy minerals and clastic composition. Then, the
ZTR index, the paleocurrent direction, and lithological sta-
tistics in thickness were combined to analyze depositional
compositions and sediment dispersal patterns. Finally, the
provenance and basin type are tentatively pinned down.

Geological setting

From the Himalaya, the tectonic belts in southern Tibet
northward are the Lesser Himalaya, High (crystalline)
Himalaya, Tethyan Himalaya, YZSZ, Xigaze Forearc
Basin, and the Gangdese Arc (Gansser 1991). The Tethyan
Himalaya is subdivided into the southern subbelt with shal-
low marine deposits and the northern subbelt with deep
marine deposits (Yu and Wang 1990; Wang et al. 1996,
2000). The Upper Triassic Langjiexue Group has been
assigned to the northern Tethyan Himalaya, cropping out
south of the eastern part of the YZSZ in the Shannan area
of southern Tibet (Figs. 1, 2). The thickness of the group
varies from 500 m to 2000 m (Zhang et al. 2015), likely up
to ~3000 m.
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Fig. 2 Geological sketch of Shannan Prefecture, southern Tibet
(drawn and modified from Pan et al. 2004), showing the distribution
of the Upper Triassic Langjiexue Group, field investigation routes
and observation sections. Former works on heavy mineral and clas-
tic composition (Li et al. 2004; Zeng et al. 2009; Li et al. 2010; Xu

The Langjiexue Group is preliminarily referred to as
the “Shannan Terrane” and “Shannan Basin” when the tec-
tonic and paleogeographic relationships with other terranes
and sedimentary basins are discussed (Li et al. 2016). It is
mainly confined by three thrust faults: the Great Counter
Thrust (GCT) in the north, the Rinbung—Zhamda—Lhunze
Fault in the south, and Cona-Mailing Fault to the east
(Fig. 2). The sedimentary strata were metamorphosed to
variable degrees, increasing eastward, reaching greenschist
and amphibolite facies toward the metamorphic core of the
thermal dome center, which is occupied by the Cenozoic
granitic pluton (e.g., Dunkl et al. 2011; Montomoli et al.
2008). The metamorphism started during the Early Cre-
taceous was attributed to diabase dyke emplacement and
mainly completed in three stages after 44 Ma (Aikman
et al. 2008; Zhu et al. 2009; Dunkl et al. 2011). Folding and
thrusting are associated with metamorphism, which could
be the result of hinterland propagation of deformation. Fur-
thermore, ~20° clockwise vertical-axis rotations could have
taken place during the Early Miocene as shown by different
orientations of the magnetic foliation (Antolin et al. 2011).
In the past, the northern part of the Langjiexue Group for-
mally consisted of the Songre Fm. (Formation), Jiangxiong
Fm., Jiedexiu Fm., and Zhangcun Fm., which are difficult
to distinguish in the field. Recently, the Nieru Fm. (to the
south of former Langjiexue Group, Fig. 2) was suggested to
belong to the Langjiexue Group for their many similarities
(Li et al. 2011). Because of their difficult distinction in the
field, all of these formations are included in the Langjiexue
Group and in our study. The group is dominantly composed

et al. 2011) are marked by dot and rectangle, respectively. Details of
investigation routes and observation sections refer to Table 1. @ Great
Counter Thrust; @ Qiongduojiang—Zara Fault; ® Rinbung—Zhamda—
Lhunze Fault; ® Cona—Mailing Fault; ® Yangbajing—Qiongdui Fault;
©® Sangri-Gyaca—-Nang Fault

of low-grade metamorphic sandstone, siltstone, and shale
and must have been deposited in a deep marine environ-
ment, considering its size and turbiditic nature. The sedi-
ments represent a submarine fan system, lacking exposed
inner fans (Li et al. 2003b, Zhang et al. 2015). Commonly,
horizontal lamination, ripple, parallel, massive, and graded
bedding can be observed. Flute casts and groove casts usu-
ally appear at the bases of coarser sandstone layers.

The age of the Langjiexue Group is determined by fos-
sils of the bivalves Halobia sp., Indopecten sp., Monotis
sp., Posidonia sp., etc. (Chen and Yang 1983; Wang et al.
1983; Chen and Ba 1986; Niu et al. 2011), and the ammo-
nites Arcestes sp., Buchites sp., Clasiscites sp., Gries-
bachites V, Indojuvavites sp., Palcites sp., etc. (Wang et al.
1983; Wu 1984), together indicating a Late Triassic (Car-
nian—Norian) age. In addition, brachiopods, crinoids, and
gastropods occasionally occur.

Methods and samples
Four fundamental methods were adopted to study the sedi-
mentology of the Upper Triassic flysch, i.e., measurements
of lithological stratigraphic thickness and paleocurrent
directions, analyses of heavy minerals, and primary clastic
composition (Table 1).

Heavy minerals

Sandstone samples were taken with a weight range from
0.9 to 1.5 kg. Preparation included disaggregation by a
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Table 1 Details on lithological observation, sample of thin-section and heavy mineral, and paleocurrent measurement of the Upper Triassic
Langjiexue Group in southern Tibet

Lithological thickness, sample for thin-section and heavy mineral

No. GPS (N, E) A B c No. GPS (N, E) A B c

TL1: From Nagarz to Gonggar (SW-NE)

TL7: Gyaca (SW-NE)

TLI1-001A 290103.8, 902357.8 1 1 TL7-01 285439.4, 922827.8 1 1
TL1-001B 290425.5, 902345.5 1 1 TL7-02 285500.5, 922844.8 1 1

TL1-01 290701.6, 902556.8 1 1 TL8: Gyaca (SW-NE)

TL1-02 290941.3, 903055.2 1 1 TL8-01 284857.2, 924000.2 1 1
TL1-03 291101.0, 903403.6 1 1 TL8-02 285155.1, 924619.6 1 1 1
TL1-04 291105.9,903631.1 1 1 TL9: Qusum

TL1-05 291234.3,903837.5 1 1 TL9-01 284851.4, 922308.9 1 1
TL1-06 291357.3,903758.3 1 1 TL10: Lhunze (N-S)

TL1-07 291625.4, 903750.7 1 1 TL10-01 284204.8, 925644.9 1 1 1
TL1-08 291711.1, 904202 .4 1 1 TL10-02 283853.0, 925557.4 1 1 1
TL2: From Nagarz to Gonggar (S—N) TL10-03 283551.5, 925553.5 1

TL2-01 290703.5, 904349.8 1 1 TL10-04 283244.9, 925326.2 1 1
TL2-02 290824.1, 904614.7 1 1 TL10-05 282815.0, 925634.4 1 1
TL2-03 291009.3, 904735.1 1 1 TL10-06 282453.7, 925804.5 1

TL2-04 291116.9, 904924.0 1 1 TL11: Lhunze (N-S)

TL2-05 291241.1, 904939.0 1 1 TL11-07 283602.2,923114.5 1 1
TL2-06 291606.2, 904851.1 1 1 TL11-06 283428.9,922811.9 1 1
TL3: From Zhamda to Gonggar (S—-N) TL11-01 283132.9, 922358.3 1 2 1
TL3-01 290213.0,910615.8 1 1 TL11-02 283033.7, 922056.5 1 1
TL3-02 290422.7,910635.7 1 1 TL11-03 283838.7,921715.7 1 1 1
TL3-03 290718.2, 910636.5 1 1 TL11-04 283649.9, 923430.0 1 1
TL3-04 290949.4, 910623.1 1 1 TL11-05 283920.2, 923301.1 1 2 1
TL3-05 291304.4, 910658.4 1 1 TLI2: Lhunze

TL3-06 291525.0, 910626.4 1 1 TL12-01 283423.2,915216.6 1 1
TLA4: From Zhamda to Zhanang (S—N) TLI13: Lhunze (N-S)

TL4-01 290050.4,911832.5 1 TL13-02 284135.4, 930220.7 1 1
TL4-02 290255.5, 911809.0 1 1 TL13-03 283913.5,930218.9 1

TL4-03 290449.0,911819.4 1 1 TL13-04 283647.7,930452.7 1 1
TL4-04 290857.0,911822.1 1 1 TL13-05 283253.4,930622.2 1 1
TL4-05 291155.0,911949.4 1 1 TL14: Lhunze (S-W)

TL4-06 291420.7, 912027.5 1 1 TL14-01 283809.3, 932309.0 1 1
TL5: From Qoggyai to Zedong (S—N) TL14-02 284004.1, 932210.5 1

TL5-01 285205.3,913812.1 1 1 TL14-03 284238.8, 930644.2 1 1
TL5-02 285458.6, 913642.3 1 1 TL15: From Zedong to Lhunze (W-S)

TL5-03 285720.5, 913918.2 1 1 TL15-01 290918.7,914708.2 1 1

TL5-04 290147.8,914101.5 1 TL15-02 290758.7,914845.8 1 1

TL5-05 290705.4, 914239.9 1 1 TL15-03 290522.8,915108.4 1

TL5-06 290827.6, 914304.8 1 1 TL15-04 290209.8,915152.8 1

TL5-07 290857.3,914318.3 1 1 TL15-05 285808.2,915322.9 1

TL6: Qusum (S—N) TL15-06 285558.7, 915404.1 1

TL6-01A 285611.9,921046.4 1 TL15-07 283018.0, 921627.2 1

TL6-01B 285647.5,921031.1 1 Total 72 31 55
TL6-02 285921.4,921237.5 1 1

TL6-03 290220.3, 921334.2 1
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Table 1 continued
Paelocurrent
No. GPS (N, E) D E No. GPS (N, E) D E
L1-4 291134.2, 903606.4 1 10 1301-1 283501.2, 922857.4 1 10
L1-5 291234.3,903837.5 5 29 1301-2 283501.2, 922857.4 1 12
L1-6 291431.8, 903728.6 3 44 1301-3 283501.2, 922857.4 1 10
L2-1 290703.5, 904349.8 3 31 1301-4 283501.2, 922857.4 1 12
L2-1 290703.5, 904349.8 2 17 1301-5 283501.2, 922857.4 1 12
L2-2 290824.1, 904614.7 2 23 1301-6 283501.2, 922857.4 1 12
L2-3 291032.8, 904814.0 1 10 1301-7 283501.2,922857.4 1 12
L2-4 291133.6, 904920.5 1 10 1306-1 283216.3, 920535.2 1 15
L3-1 290213.0,910615.8 5 58 1306-2 283216.3, 920535.2 1 15
L3-2 290422.7,910635.7 1 10 1306-3 283216.3, 920535.2 1 12
TL3-2-1 290545.3, 910646.7 1 12 1306-4 283216.3, 920535.2 1 9
L4-1 290109.5,911822.6 4 44 1307 282623.7,921635.8 1 12
L4-2 290320.0,911810.3 1 12 1308 291634.6, 905347.9 1 12
L4-4 290857.0,911822.1 2 11 1312 290559.8, 904430.5 1 12
L6-1 285647.5,921031.1 2 10 1317 291509.0, 903720.3 1 12
L6-2 285921.4,921237.5 2 44 P001-1 290332.0,91155.8 1 12
L8-1 284857.2, 924000.2 1 19 P001-2 290332.0,91155.8 1 12
L8-2 284857.8,924015.8 4 32 PO1 290247.4,91159.5 1 8
L10-1 284204.8, 925644.9 2 40 P02 290235.6,911511.6 1 12
L10-2 283853.0, 925557.4 3 20 P03 290117.8,911517.1 1 2
L11-1 283602.2,923114.5 4 10 PMO004-1 290209.2,911804.8 2 20
L11-2 283428.9, 922811.9 2 10 PMO006-1 290412.5,911512.1 2 21
TL11-3-1 283133.7,922320.3 1 10 PMO007-1 290125.7,911527.2 3 34
L11-5 282838.7,921715.7 1 10 PMO008-1 290452.3,911541.2 2 25
L11-6 283649.9, 923430.0 1 10 PMO11-1 290300.1, 910616.7 4 45
L13-02 284259.1, 930302.1 1 10 PMO15 290624.1, 910105.0 1 12
L13-03 283713.3,930414.2 1 10 PLO1 290122.1, 910530.1 1 12
Total 92 959

A observation section for lithological S/M ratio

B samples for thin-section and clastic composition
C samples for heavy mineral

D set of paleocurrent measurement

E paleocurrent measurements at set

hydraulic crusher, followed by wet sieving and retention of
the 0.2 mm, 0.1 mm, 0.05 mm size fraction, respectively
(partly recommended by Morton and Hallsworth 1994).
Acid treatment was avoided. Forty grams of each disaggre-
gated sample was used for heavy mineral separation with
tetrabromoethane (C,H,Br,, d = 2.96 g/cm®), magnetic
touch, and dielectric techniques. All heavy mineral frac-
tions were collected on a 5-cm? rectangular glass slide and
selected, using a polarizing microscope. Then, the differ-
ent heavy minerals (e.g., apatite, rutile, garnet, monazite,
spinel, tourmaline, and zircon) were separately weighed or
counted per sample (Mange and Maurer 1992).

Associations and relative ratios of heavy minerals rep-
resent parameters for the analysis of the geological envi-
ronments and provenance. They are indices of provenance-
sensitive heavy mineral ratios defined as the ZTR (zircon,
tourmaline, rutile), ATi (apatite, tourmaline), RuZi (rutile,
zircon), GZi (garnet, zircon), MZi (monazite, zircon), and
CZi (chrome spinel, zircon) in weight percentage (Table 2).
The definition of indices by Hubert (1962) and Morton and
Hallsworth (1994, 1999) is used and c alculated in weight
(for details, refer to Table RD1).

Of the heavy mineral indices, ZTR is the most com-
monly used one in the analysis of sediment transport
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Table 2 Indices of provenance-sensitive heavy minerals from sandstones of the Upper Triassic Langjiexue Group in southern Tibet

No. ZTR ATi GZi Ruzi MZi CZi No. ZTR ATi GZi RuzZi MZi CZi
1 DO0145-ZHK1 734  73.7 250 28.6 0.0 0.0 37  TL3-04ZK 931 772 00 19.4 0.0 0.0
2 817/12ZK 78.0 62.5 00 12.6 0.0 0.0 38  TL3-05ZK 943 632 00 169 0.0 0.1
3 817/03ZK 91.2 62.4 00 658 0.0 0.0 39  TL3-06ZK 942 545 0.1 9.7 0.0 0.1
4 817/08ZK 83.9 76.6 20 130 0.0 0.0 40  TL4-02ZK 819 154 0.0 305 0.0 0.0
5 817/06ZK 45.1 86.8 0.0 0.0 0.0 00 41 TL4-03ZK 71.8  80.0 00 151 0.0 0.0
6 L1-7/ZK 97.1 46.2 0.0 3.7 0.0 00 42 TL4-04ZK 73.7  78.8 00 319 0.0 0.0
7 L1-3/ZK 97.7 63.6 0.0 4.7 0.0 0.0 43 TL4-05ZK 875 748 00 292 29 2.5
8 L4-9/ZK 64.4 73.6 00 375 0.0 0.0 44  TL4-06ZK 91.3 333 00 262 0.0 3.4
9 L4-7/ZK 94.6 50.0 0.0 7.4 0.0 0.0 45  TL5-01ZK 872  63.8 0.0 344 0.0 0.4
10 P2-3/ZK 62.5 73.5 1.9 28.6 0.0 3.8 46  TL5-02ZK 882 577 00 279 0.0 0.9
11 P2-8/ZK 87.8 71.0 00 489 0.0 0 47  TL5-03ZK 680 779 0.0 341 55 0.0
12 P1-48/HZK 88.3 100.0 00 16.6 0.0 0 48  TL5-05BZK 80.2 770 0.0 442 0.0 0.3
13 P1-30/ZK1 84.4 84.7 1.0 264 0.0 0 49  TL5-06ZK 889 771 00 28.6 0.0 0.1
14 P2-11/ZK 83.7 71.5 0.0 6.2 0.0 0 50 TL5-07ZK 982 157 00 264 0.5 0.2
15 P1-57/ZK 91.7  100.0 00 242 0.0 0 51  TL6-02ZK 803 758 00 21.1 0.0 0.0
16  P1-39/ZK 87.3 89.7 00 11.1 0.0 0 52 TL7-01ZK 762 75.0 00 274 0.0 0.0
17 P1-16/ZK 83.0 64.6 0.0 34 0.0 0 53  TL8-01ZK 88.8 483 0.0 488 0.0 0.4
18  TLI1-001AZK  92.1 100.0 1.6 14 0.0 0.0 54  TL8-02ZK 725 935 0.0 241 0.0 0.0
19 TLI1-001BZK  82.8 61.8 03 171 0.0 0.0 55 TL9-01ZK 88.7 109 0.0 417 0.0 0.0
20 TLI1-01ZK 85.0 34.8 0.0 206 0.0 0.0 56 TLI10-01ZK 723 55 372 3717 0.0 0.0
21 TLO1-02ZK 95.9 71.6 00 127 0.0 0.0 57 TL10-02ZK  89.2  53.8 0.0 35.0 0.0 0.0
22 TLO1-03ZK 87.1 71.1 00 203 0.0 0.0 58 TL10-04ZK  89.6 423 00 410 0.0 0.0
23 TLO1-04ZK 94.1 36.0 00 16.7 0.0 0.0 59 TL10-05ZK  68.1 44.4 0.0 39.1 0.0 0.0
24 TLO1-05ZK 95.7 81.1 0.0 16.7 0.0 0.0 60 TL11-01ZK 929 632 0.0 208 0.0 0.0
25  TLO1-06ZK 66.6 86.7 0.0 248 0.0 0.0 61 TL11-02ZK 939 355 0.0 20.0 0.0 0.0
26  TLO1-07ZK 80.6 72.9 00 163 0.0 0.0 62 TLI1-03ZK  90.5  28.8 00 216 0.0 0.0
27  TLO1-08ZK 95.9 6.7 09 177 0.0 0.6 63 TL11-04ZK 846 719 00 257 0.0 0.0
28  TL2-01ZK 82.5 66.7 0.0 6.0 0.0 0.0 64 TL11-05ZK 775  82.1 02 250 0.0 0.0
29  TL2-02ZK 95.7 45.1 00 11.1 0.0 0.0 65 TL11-06ZK  96.7 303 0.7 6.8 0.0 0.0
30 TL2-03ZK 60.3 90.7 1.7 143 0.0 0.0 66 TL11-07ZK 972  60.8 00 213 0.0 0.3
31 TL2-04ZK 95.5 25.0 0.1 17.8 0.0 1.0 67 TLI12-01ZK 847 609 00 27.1 0.0 1.4
32 TL2-05ZK 88.2 56.8 00 260 0.0 0.0 68 TL13-02ZK 936 113 00 285 0.0 0.0
33 TL2-06ZK 96.9 14.3 00 156 0.0 0.0 69 TL13-04ZK  98.7 174 0.0 105 0.0 0.5
34 TL3-01ZK 65.0 75.0 1.3 3.6 0.0 0.0 70  TL13-05ZK 644  68.8 00 333 0.0 0.0
35 TL3-02ZK 77.6 21.3 0.0 9.3 0.0 7.0 71  TL14-01ZK 975 8.9 0.0 3.4 0.0 0.0
36  TL3-03ZK 91.1 52.0 0.0 20.0 0.0 0.0 72 TL14-03ZK 843  38.0 00 38.6 0.0 0.0

Samples renumbered from 1-72 representing the position from west to east geographically. Details refer to Table RD1. Numbers 1-17 are from

Zeng et al. (2009)
For indices of heavy minerals, refer to text

distance and source direction, ATi can be used to constrain
chemical alteration during temporary storage in intense
weathering environments (Morton and Johnsson 1993), and
RuZi is able to determine source area variations because
rutile and zircon have similar physical and chemical behav-
iors but different source rocks (Force 1980). Therefore, in
this paper, ZTR, ATi, and RuZi are chosen for provenance
analysis.

@ Springer

We collected a total of 65 fresh samples of fine- to
medium-grained sandstones. Of them, 55 were eligible
for heavy mineral analysis (Tables 1, 2) after microscopic
inspection. Ten samples were excluded as they were either
highly metamorphosed with preferred mineral orientation
or they did not have a suitable grain size. Fifty-five samples
of this study and 17 samples of former work (Zeng et al.
2009) at Rinbung were analyzed for the index change of
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heavy minerals in the study area. Values of the ZTR index
were projected on the scaled geological map, and sediment
channels were depicted with representations from low to
high ZTR values.

Grain counting and Dickinson triplots

To study the tectonic setting of a source area, traditional
point counting of the clastic composition of sandstones
was carried out under the microscope in order to fill the
obtained data into Dickinson triplots, applying the Gazzi—
Dickinson standards. For details, refer to Dickinson and
Suczek (1979), Ingersoll et al. (1984), and Dickinson
(1985). Over 300 grains (and many more points) were
counted for each thin section (Table RD2).

Thirty-one sandstone samples were collected for thin-
section analyses. These samples are medium- to coarse-
grained sandstones (Fig. 3), for which the same grain size
is vital regarding the grain counting procedure in order to
minimize grain size effects (Ingersoll et al. 1984). Data of
this study plus data of former works (Fig. 2; Table RD3) at
Qonggyai, Gonggar (Li et al. 2004) and Rinbung (Xu et al.
2009; Li et al. 2010) were combined to be plotted in the
Dickinson triplots (Fig. 4) so that the whole data set is rep-
resentative for the entire Langjiexue Group.

Grain size and lithological thickness

The study of clastic grain size change is important to deter-
mine the direction of the source area and the transport pat-
tern. The distribution and dispersal pattern of grain size
change provides information on the transport direction and
depositional environment. The grain size and bed thick-
ness changes in the clastic rocks were determined with field
methods.

The ratio of S/M is employed as the total thickness of
sand (S) versus mud (M) to analyze the change in clastic
grain size, in which the thickness of “sand” actually is the
stratigraphical total thickness of sandstone/graywacke and
(argillaceous) siltstone, and the “mud” is the stratigraphical
sum thickness of (silty, calcareous, siliceous) slate (shale,
mudrock) at one observation stop.

Lithological observations were made at 72 outcrops/
observation stops along 15 geological routes (Fig. 2;
Tables 1, 4). Thereafter, lithostratigraphic thicknesses were
measured and added up for each observation stop. The total
thickness of the strata differs from outcrop to outcrop due
to different outcrop exposures (Fig. 5), but the total always
measures >50 m (usually 80-200 m) per stop. To express
the geographic trend of grain size change (i.e., thickness
of lithology), the S/M ratio was adopted to draw isolines
on the geological map sketch. Values of the S/M ratio were
projected on the scaled geological map and linked with the

same value to form S/M isolines. Intervals of isolines can
vary due to discrepancies of ratios for different parts of the
study area. Only submarine fan deposits have been stud-
ied as fans show the overall trend of grain size decrease in
down-fan direction.

Paleocurrents

Paleocurrent indicators help to establish paleoslope and
paleotransport directions, which, in turn, reveal the direc-
tion of the source area with respect to the basin. Therefore,
a direct application of the method is that the paleocurrent
directions have also been used to demonstrate sediment
dispersal patterns (e.g., Boggs 2009; Wang and Li 2003).
Among the different types of paleocurrent indicators (refer
to Selley 2000; Wang and Li 2003), flute casts are the most
common and crucial ones for deepwater sediments. The
paleocurrent indicators were measured and corrected for
tectonic tilt.

There are abundant flute casts in the Langjiexue Group
(Fig. 6). 959 paleocurrent indicators were measured at 54
locations in the field (Table 1 and Table RD3). These new
data, compiled together with former published data (373
paleocurrents at Qonggyai and Zhanang, Li et al. 2003a;
114 paleocurrents at Rinbung, Xu et al. 2011. Table RD3)
were composed to construct rose diagrams with azimuth
intervals of 10°, indicating the directions and styles of
paleoflows (Fig. 7). The majority of rose diagrams are
unimodal in their distribution (compare Tucker 2003).
For simplification and clarification, the paleocurrents
have been projected on the map by arrows. Each arrow
represents a main/focal paleocurrent direction of one rose
diagram (of about 10 measurements) from every stop.
Therefore, the corresponding paleocurrent map would
be representative of the regional sediment dispersal pat-
tern since all of the paleocurrent data were obtained
from the same lithofacies (mainly submarine fan channel
deposits).

Results and interpretations
Heavy mineral assemblages and indices

A variety of heavy minerals is present within the sand-
stones of the Upper Triassic Langjiexue Group in south-
ern Tibet. Zircon, rutile, tourmaline, apatite, and anatase
are the most common ones in each sandstone sample. Zir-
con is predominant (60 % in general) among most sam-
ples (Table RD1). The association indicates polygenetic
sources, deriving from sedimentary and/or metamorphic
and/or magmatic rocks of the source area.
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Fig. 3 Microphotographs of sandstones, showing the texture and
composition of sandstones from the Langjiexue Group. A, TL11-5a,
T;n; B, TL11-5b, Tsn; C, TL4-3, T5; D, TL3-1b, T; (for details, refer

Qp Qt

Arc Orogen
Sources

¢ .

to Table 1). Qm, monocrystalline quartz; Qp, polycrystalline quartz;

K, K-feldspar; P, plagioclase; Lv, volcanic clast; Lm, metamorphic

lithic clast; Ls, sedimentary lithic clast

e Datafrom Lietal., 2004 Qm

Data from Lietal., 2010
o Datafrom Xuetal.,2011
Data from this work

Fig. 4 Dickinson triplots (Dickinson and Suczek 1979; Dickinson
1985) with sandstone composition of the Langjiexue Group. F: feld-
spar, L: lithic, Lt: total lithics, Ls: sedimentary lithics, Lv: volcanic
lithics, Qm: monocrystalline quartz, Qp: polycrystalline quartz, Qt:
total quartz. Note that most sandstones fall into the “recycled oro-

This view of polygenetic sources is corroborated by the
occurrence of chrome spinel. In low quantity, chrome spi-
nel (mainly) occurs in samples from the geological routes

@ Springer

gen field” in the Qt-F-L triplot. Some fall into the “recycled oro-
gen” provenance and “mixed” provenance fields in the Qm-F-Lt
triplot, and others fall into the “collision orogeny,” fold-thrust belt
and “mixed orogenic” fields in the Qp—Lv—Ls triplot. Data of former
workers refer to supplementary Table RD1

TL3 to TL5, TL12, and TL13 (Table RD1), likely indicat-
ing a basic to ultrabasic magmatic source for the sandstones
of the Gonggar-Zhanang and northern Lhunze regions.
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Fig. 5 Field photographs showing different S/M ratios. a Dark
gray/black slate with increasing siltstone and sandstone to the right,
TL11-01 near Xoisar; b thin- to medium-bedded sandstone within the
slate sequence, ~15 km west of TL12-01; ¢ thin- to medium-bedded

The ZTR contents are high, ranging from 60 to 98 %
and are generally >80 % (Table 2; Fig. 8). High ZTR con-
tents indicate that the clastic sediments of the Langjiexue
Group are far-travelled.

ATi values vary greatly from ~5 to 100 %, showing an
inversely mirrored attitude of the ZTR values in W—E direc-
tion (Table RD1; Fig. 8). To some extent, this may indicate
a distance change in source area by intensity of weathering.
The shorter the distance is, the lower the weathering degree
and the higher the ATi value will be, which is opposite to
the ZTR transportation trend.

RuZi values are generally less than 40 %, but vary in
three different corresponding zones from the west to the
east: light zone, gray zone, and dark zone (Table 2; Fig. 8).
They are quite high eastward from Zhanang (>20, 30 %
on average; >42 samples), relatively low (most <20 %)
between Nagarze (route 1) and Zhanang (route 4), and vari-
able west of Nagarze. This distribution may indicate prox-
imity to a source area of high pressure and a subduction
zone east of Zhanang and, again, different source areas for
the Langjiexue Group.

In summary, CZi, MZi, and GZi are too low to reveal
the characteristics of the source area. But individual sam-
ples may have a high value of these indices, except for

sandstone, intercalated with slate near TL4-01; d medium- to thick-
bedded sandstone, intercalated with slate near TL4-2. Ratios increase
from a to d. Telephone pole in a, b, and ¢ in white circles is ~10 m
high. For more details of observation sections, refer to Table 1

the above-mentioned Cr (chrome)-spinels (CZi), MZi
is relatively high in TL4-5 and TL5-3. It may relate to
granites or granitic pegmatites. Garnet (GZi) also rarely
appears in some samples (e.g., TL1-001A, TL1-8, and
TL2-3), indicating the relationship with metamorphic
rocks.

Because the heavy mineral samples are mostly chan-
nel sandstones from the submarine fan deposystem
(Zhang et al. 2015), ZTR map plots can be used to trace
fan channels. As Fig. 9a shows, the double lines show
increasing ZTR values toward the south. These double
lines could represent channels though not all of them
are exactly real. However, the distribution of ZTR val-
ues in Fig. 9a does reveal the main direction of sediment
dispersal. In the Nagarze area, there may be two main
channels, judged by ZTR values increasing from ~80 %
via ~92 % to ~95 %, respectively. Between Gonggar and
Zhanang, three short channels display relatively high
ZTR values in the northern area. Similar trends are seen
in two channels between Zhanang and Qonggyai, and
a short channel in Zedong as well as in seven channels
of the Lhunze area. Channels with low ZTR values may
represent channels that had formed at an early stage of
fan progradation.
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Fig. 6 Photographs of different flute casts. a Triangular (“heel-
shaped”) flute casts with a pointed upstream end at ~15 km east of
TL12-01, Swiss knife is 9 cm long; b rounded upstream end lobate
flute casts at TL03-02, pen is 13.8 cm long. ¢ Flattened-rounded

0°

Fig. 7 Rose diagram showing the mean palaeocurrent direction of
205° for the Langjiexue Group. Dotted line with a main direction
of 185° is the value for correction of counterclockwise rotation of
20° around a vertical axis (Antolin et al. 2011). The data are from
previous studies (Li et al. 2003b; Xu et al. 2011) and this work. For
details, refer to Table RD3

@ Springer

upstream end flute casts at TL4-2, Swiss knife is 9 cm in length; d
elongate flute casts with a rounded upstream end at TL2-2, ruler is
20 cm long. Arrows point to the main paleocurrent direction

Sandstone composition and tectonic settings

Some sandstone samples of medium to high metamor-
phic grade, exhibiting preferred mineral orientations, were
excluded from the compositional analysis as felsic grains
may have become dissolved. Other grains may have recrys-
tallized, suffered chemical alteration, and lithic grains may
have been disintegrated in the process of metamorphism.
Nonmetamorphic and low-grade metamorphic sandstones
were selected for grain counting. They are dominated by
medium to fine sand grains of feldspar and/or lithic (quartz)
sandstone or graywacke. Clayey, calcic (mainly calcite), and
iron-bearing (mainly hematite) material may fill interpar-
ticle pores (Fig. 3). Quartz (57.3-89.4 %) and other clasts
(6.3-27.2 %), e.g., fragments of mudrock, shale/slate/phyl-
lite, and schist, are the main components; feldspars, repre-
sented by plagioclase and K-feldspar, are of relatively low
abundance (1.0-15.5 %) (Table 3 and Table RD2). Concern-
ing the sandstone maturity, the sandstones are poorly to well
sorted (mostly poorly and moderately sorted) and angular to
sub-rounded (mostly sub-angular and sub-rounded). In sum-
mary, the sandstones reveal the characteristics of relatively
low compositional and textural maturity (classification
scheme refer to Tucker 2001) (Table RD2).
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Fig. 8 Diagram showing
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The grain counting results are synoptically summarized
in Fig. 4. Most of the sandstones fall into the “recycled
orogeny” provenance field of the Dickinson Qt-F-L and
Qm-F-Lt triplots with some transitions into neighboring
fields (Fig. 4). The Qp—Lv-Ls triplot reveals that the sand-
stones mainly derive from “collision orogen and fold-thrust
belt” sources (for details, see the section of “Provenance
of components™”). However, the transition into other fields
again indicates that different geological settings supplied
the Shannan Basin with sediment.

Grain size distributions from lithological thickness

Stratigraphic thicknesses of different lithologies were stud-
ied and calculated (Fig. 9b; Table 4). The S/M ratios gener-
ally decrease from north to south, but they differ in W-E
direction (Fig. 9b): 0.18-0.02 in Nagarze; 4.0-1.0 near
Xoisar village, Lhunze; 29.0 to only 2.0 in western Zara
villages, Lhunze. Also, discrepancies occur in N-S direc-
tion (Fig. 9b) with increasing tendencies, possibly caused
by channel facies that developed in these areas (Zhang
et al. 2015). A southwesterly change from 3 to 0.2 occurs
in eastern Shannan; others include 1.86 to 0.2 southward
between Qusum and Zedong; 2 to 0.4 of both toward the
southeast and southwest between Zedong and Zhanang,
1.86 to 0.33 to the south with few exceptions and 1 to 0.4
again to the areas further south in the vicinity of Gonggar;
1.5 to 0.33 north of Nagarze. The fact that S/M ratios are
not always decreased from north to south could be attrib-
uted to the alternating progradation and retrogradation of
submarine fans.

Paleocurrent directions

Paleocurrent data indicate a dominant southward flow,
mainly varying between 120° and 270° with a mean vector

Number of Sample

of 205° (185° when corrected for counterclockwise rota-
tion of 20°. See Fig. 7 and Antolin et al. 2011). However,
there are minor differences from west to east (Fig. 9¢). In
the Rinbung area, former paleocurrent data direct south-
eastward and southwestward (Li et al. 2003a, b; Xu et al.
2011). Between Nagarze and Gonggar, paleocurrents are
southwestward with a few exceptions to the southeast or
south. Between Gonggar and Zhanang, both southeast and
southwest directions are present and dominated by south-
east paleocurrents. Further east to Qonggyai, the flow was
mostly to the southeast. East of Qonggyai, the paleocur-
rents are mainly southwest-directed with only some local
scatter. The paleocurrents indicate a mainly southward
paleoflow and a largely uniform sediment dispersal pattern
for the Langjiexue Group.

Discussion and conclusions
Radial-curved sediment dispersal pattern

By combining heavy mineral data, S/M ratios, and pale-
ocurrents, a sediment dispersal pattern of the Langjiexue
Group is proposed (Fig. 9d). The sediments were trans-
ported southward/southwestward by main feeder channels
toward the basin floor where they fanned out in the mid-fan
and outer-fan areas by distributary channels and channel
overflows within a system of several laterally coalescing
submarine fans in the sense of Zhang et al. (2015). Three
dispersal systems were distinguished in the submarine fan-
dominated deep-sea system (Fig. 9d): one is to the east of
Zhanang, the second one is between Zhanang and Nagarze,
and the third one is to the west of Nagarze. The shape and
scale of each depositional body are contoured and depicted
by the wave shape of the isolines and different distributions
of ratio values.
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Fig. 9 Distribution map of different sedimentological parameters from Li et al. (2003b) and Xu et al. (2011). d Sediment dispersal pat-
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Table 3. Relative conte.ntshof Sample QtF-L Qm-F-Lt Qp-Lv-Ls Qm-P-K

composition ends for Dickinson

triplots from sandstones of Qt F L Qm F Lt Qp Lv Ls Qm P K

the Upper Triassic Langjiexue

Group in southern Tibet 1 TL1-6a 573 155 272 542 155 303 102 1.0 888 778 9.8 124
2 TL1-06 688 123 188 686 109 206 278 00 722 956 20 24
3 TL1-07 76.1 110 129 676 100 224 461 00 539 987 1.3 0.0
4  TLI1-08 79.3 56 150 798 5.8 144 6.7 00 933 973 1.6 1.2
5 TL2-1a 69.4 88 218 730 94 176 321 00 679 8.0 70 70
6  TL2-01 78.7 92 121 782 101 11.7 189 0.0 81.1 925 49 2.6
7 TL2-02 765 11.1 124 757 126 11.7 103 0.0 89.7 955 3.0 1.5
8 TL2-6 709 151 140 626 151 223 372 00 628 805 103 9.2
9  TL3-1a 76.8 116 11.6 722 120 158 200 6.0 740 905 8.7 0.8
10 TL3-1b 773 115 112 744 105 152 164 0.0 83.6 909 54 37
11 TL3-1c 70.1 134 165 741 133 127 220 00 780 892 7.1 3.7
12 TL3-2a 84.8 7.5 7.7 83.8 8.1 81 250 00 750 954 40 07
13 TL3-2b 826 7.1 103 79.1 72 137 167 0.0 833 893 74 33
14 TL3-05 88.5 49 6.6 872 5.1 78 43 00 957 893 8.3 2.4
15 TL4-1a 78.8 79 132 715 79 205 145 8.1 774 834 9.7 6.9
16 TL4-1b  79.3 7.7 131 787 86 127 200 0.0 80.0 919 41 4.1
17 TL4-2 80.3 94 103 819 7.7 104 256 5.1 69.2 917 5.1 33
18 TL4-3 894 42 6.3 86.1 4.6 92 286 00 714 9406 29 2.5
19 TL4-6 796 93 112 806 92 102 250 00 750 90.1 7.1 2.8
20 TL5-05 80.5 34 161 837 39 124 343 00 657 877 8.9 33
21 TL7-2 85.8 1.0 133 908 1.0 8.2 83 00 91.7 905 6.8 2.7
22 TLS8-2 83.7 23 140 86.7 25 108 00 00 100.0 86.7 6.8 6.5
23 TL10-1 83.6 6.6 9.8 84.6 64 90 00 0.0 1000 90.7 72 2.1
24 TL10-2 84.5 40 116 87.0 4.1 89 00 00 1000 87.6 8.9 3.4
25 TLI11-1a 830 9.9 71 732 93 175 172 0.0 82.8 93.1 00 69
26 TL11-1b 834 8.9 7.6 663 83 254 140 0.0 86.0 882 47 7.1
27 TLI11-3 81.6 109 76 730 10.1 169 327 00 673 862 76 6.2
28 TL11-5a 843 8.8 69 784 82 134 87 00 913 894 47 6.0
29 TL11-5b 782 120 9.7 725 99 176 288 0.0 712 866 1.7 5.8
30 TL15-01 827 8.5 8.8 68.7 91 222 121 0.0 879 843 66 9.1
31 TL15-02 804 114 82 704 116 180 286 00 714 866 7.1 6.3
Qm = monocrystalline quartz, Qp = polycrystalline quartz, K = K-feldspar, P = plagioclase,

Lm = metamorphic lithic grains, Lv = volcanic lithic grains, Ls = sedimentary lithic grains, F = plagio-
clase + K-feldspar, Ls = Lse + Lm, Lt = total lithic grains = (Lv + Qp + Ls 4+ Lm)

The ZTR contents generally increase southward
(Fig. 9a). It is difficult to create isolines for the ZTR val-
ues, but it is feasible to link some ZTR values with south-
ward-increasing tendencies to form lines (double lines
in Fig. 9a). In agreement with the submarine fan system
model and facies observations by Zhang et al. (2015), these
lines mainly represent fan channels, enabling southward
flow of sediment to the lower fan reaches even though some
opposite trends in ZTR values may locally be observed.
The channels split up as distributing fan channels and
extend as finger-like branches of the main channels.

As shown in Fig. 9b, S/M ratios mainly decrease south-
ward, indicating the presence of finer grain sizes toward

the south. The grain size change pattern and shape of iso-
lines are interpreted as an expression of the clastic transport
direction, which is the same as deduced for the ZTR values.
At a closer look, there are some differences between Rin-
bung to Qusum on the one hand and eastern areas on the
other. S/M ratios decrease southwestward in the east and
decrease both toward the southwest and southeast in the
region (from Rinbung to Qusum). The overall change dis-
plays a radial pattern, to some degree similar to that based
on the ZTR data.

The paleocurrents show an overall southward (205°)
transport (Fig. 7). At a closer look, one can identify some
deviations. In the eastern region, most of the paleocurrent
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directions point to the southwest, and in the western region,
s g q % 8 most of the paleocurrent directions point to the southeast.
» B e e - However, in the central region, paleocurrents are directed to
" both the southwest and southeast (Fig. 9¢c). The flow pattern
_ _“é is consistent with that of radial-curved fans (compare Mat-
;‘g é § E § tern 2005), yet a few paleocurrents ensued to the east, west,
. - northwest, and northeast (Fig. 9c). This was attributed to
= = . . . .
% 8la o = channel lateral migration, channel overflow/flow stripping,
= g2 a8 e and/or channel avulsion with related crevasse channels in
s Q the outer part of the inner or middle fan (Li et al. 2003b). A
1;0 § relatively narrow range of paleoflow direction may repre-
g R sent major submarine conduits (Poursoltani et al. 2007) at
Q .
= = most measurement points.
—§" Sle o ~ The above three parameters demonstrate that the
= Sl R Langjiexue Group has a radial-curved dispersal of sedi-
§ % ment (Fig. 9d). The dispersal pattern probably matches a
g z o submarine fan deposystem, being consistent with the litho-
= o O — . o .
E) @ = Q= facies (Zhang et al. 2015). Individual fans laterally overlap
o E in their nonchannelized outer parts (Fig. 10) on the ocean
f% § % % § floor and thus constitute a coalescing fan system sensu
E‘) ° Mattern (2005). However, differences appear in some local
;)fg & % % 33 places. Especially in the south of Gonggar and Zhanang
- o = (Fig. 9d), the ZTR index seems to be increasing from south
oo 2 to north in the area south of Gonggar and S/M ratios don’t
2' E E E decrease continuously from north to south. These differ-
ences may be caused by the development of channel facies
in these areas (Zhang et al. 2015) and the progradation or
=2 g & &§ retrogradation of the fans.
v = — o
Provenance of components
%
[=] .
E 2 ss s The ol')served heavy mineral assemblages”(Table RD1) sug-
SR = = gest different source areas for the Langjiexue Group. The
g source areas were predominantly comprised of sedimentary
§ ;r § g rocks and granitoids as indicated by the prevalent presence
. of both well-rounded and euhedral zircons. Other heavy
s g minerals such as pyroxene and chrome spinel point to basic
e = and ultrabasic sources. Garnet and epidote likely reflect
§) aF27 metamorphic source rocks. Differences in the RuZi ratio in
S g the west and east (Fig. 8) may be due to lithological vari-
é‘ § S S - ations in the source areas. The different RuZi ratios in the
= N Rinbung area may be due to more than two distinct source
E 5 areas.
2 é o o The Dickinson’s triplots of sandstone composition illus-
s - - - .. .
5 - trate that the Langjiexue Group largely derived from one
2 ] .
'F; Sla o = (or more) recycled orogen(s) (Fig. 8). In general, recycled
g % Sl B orogens are dominantly represented by sedimentary strata,
s 9 . . .
R subordinate metamorphic and magmatic rocks, exposed to
- = Q . . .
ZIES|EIE@ @8 erosion by the orogenic uplift of foldbelts and thrust sheets
S |lxn.El»n L L.
g (Dickinson and Suczek 1979; Dickinson 1985). For the
S .. . . .
- o = Z Langjiexue Group, the Qp-Lv-Ls triplot points to a colli-
2 4z 3 i her th bducti 1 foreland
= 4G g sion orogen rather than a subduction complex or a forelan
Elz EEE uplift. For the special population of detrital zircons with

@ Springer



1272

Int J Earth Sci (Geol Rundsch) (2017) 106:1257-1276

Absent dispersal
system Ainferred

52

Oceanic mid-ridge

Absent dispersal

Seamount S
system B inferred

Present exposure of
the Langjiexue Group

Sediment
dispersal direction

Individual submarine
fan inferred

Recovery of the group
by shortening ratio

AEIL]

SOURCE @

®

Greater India

Mid-ocean
Ridge
Seamounts/

(4]
6 oceanic islands
(6]
7]

Neo-Tethyan
backarc basin

Arcislands

o W. Australia

9 Lhasa Terrane

Fig. 10 Dispersal and depositional model of the remnant basin for
the Upper Triassic Langjiexue Group. The insert at the top left cor-
ner shows the possible relationships of the basin to sources. The sub-

U-Pb isotope ages of 600-450 Ma in the Shannan Basin
(Li et al. 2016), the Pan-African Orogeny that is recog-
nized in the Lhasa Terrane, Australia, and India could be
the potential source. The population of detrital zircons with
U-Pb isotope ages of 300-200 Ma (Li et al. 2016) could
be ascribed to the Permian—Triassic Sumdo Orogenic Belt
within the Lhasa Terrane.

Although our present data and former ones (Li et al.
2004; Xu et al. 2011; Li et al. 2010) are from the same area,
slight differences can be detected when exact sample loca-
tions are considered. Most former works were carried out
in the west, whereas our new data derive from farther east.
Our results show a more mature composition with a minor
share of volcanic lithic fragments and may imply that more
continental material was supplied to the east, illustrating
different provenance settings in the west and east.

Regarding the provenance setting, Li et al. (2004)
first put forward the hypothesis that a block or micro-
plate located between the Indian Subcontinent and the
Lhasa Terrane might have provided the material for the
Langjiexue Group during the late Triassic. Subsequently,
some researchers (Xu et al. 2009; Zeng et al. 2009; Xu
et al. 2011) proposed that the source has been the Lhasa
Terrane, based on the analyses of sandstone composi-
tions, paleocurrent directions, geochemistry, and heavy

@ Springer

marine fan system and recovery of stratal width were modified from
Zhang et al. (2015)

minerals from Rinbung County. Investigations of Nd iso-
topic compositions of bulk rocks (sandstone, phyllite, and
graywacke) in Qonggyai County also suggested that the
Late Triassic strata were derived from the Lhasa Terrane in
the north (Dai et al. 2008). Hf isotopes and the geochronol-
ogy of detrital zircons from Rinbung suggested a northern
derivation (Li et al. 2010, 2014; Webb et al. (2013), sup-
porting this viewpoint, but this was challenged by new evi-
dences of U-Pb isotope dating and Hf isotope of the ~400-
280 Ma detrital zircons and the geochemistry of Cr-spinels
(Li et al. 2016). Contents of TiO,, Al,O;, Cr,05, and Cr*
of measured spinels show multiple origins of source rocks,
dominated by island arc basalts and peridotites. These new
data suggest that the Langjiexue Group may have multiple
sources (Li et al. 2016).

Our results, plus those of former works (Li et al. 2004;
Zeng et al. 2009; Li et al. 2010; Xu et al. 2011) on both
heavy minerals and clastic compositions, favor the interpre-
tation of multiple sources for the Langjiexue Group. As we
can see, different heavy mineral assemblages reflect differ-
ent parent lithologies (Table RD1), and varying composi-
tions of sandstones are the response to different tectonic
sources as shown in the Dickinson triplots, including “oro-
genic,” “magmatic arc,” and “mixed area” (Fig. 4). These
results strongly support that the potential sources could be
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the Lhasa Terrane, oceanic (island) arc/seamount, and mid-
ocean ridge areas as well as Greater India and Australia
(Li et al. 2016). Previous works may not have given these
aspects adequate considerations.

Remnant basin model and paleogeography

Turbidite systems of the size of the Langjiexue Group form
in deep water (Reading and Richards 1994). In the follow-
ing discussion of the basin type, we consider (1) the radial-
curved dispersal pattern, (2) the multiple sediment sources,
(3) the latest advance in the paleogeographic understanding
of the Shannan Terrane, involving affinities to Lhasa, India,
and Australia (Li et al. 2016), and (4) the partly oceanic
sources and corresponding oceanic affinities. We concen-
trate on at least partly oceanic basin settings. Continental
basin types, like a rift basin, are ruled out as they cannot
explain the oceanic sources.

A trench setting and an accretionary wedge interpre-
tation can also be precluded due to the absence of corre-
sponding olistoliths for the Langjiexue Group, which is
dissimilar to the Late Triassic—Paleogene tectonic mélange
of the Xiukang Group (Zhang et al. 2002; Cai et al. 2012;
An et al. 2015) and the Late Jurassic—Early Cretaceous
ophiolitic mélange to the west of the study area (e.g., Gao
and Tang 1984; Girardeau et al. 1985; Malpas et al., 2003;
Dubois-Coté et al. 2005). Moreover, trenches fill with
sediment concurrent with subduction, which causes syn-
depositional folding and thrusting (Einsele 2000). In the
Langjiexue Group, this cannot be seen. Instead, the flysch
mainly prograded and accumulated in a rather undisturbed,
regular fashion.

Among oceanic basin types, an ocean sag basin is ruled
out because this kind of basin is characterized by fills
whose facies sharply contrast with the observed facies of
the Langjiexue Group (Zhang et al. 2015). The contrast-
ing facies typically include basal metal-rich sediments,
pelagic limestone, radiolarite, deep-sea clay, and man-
ganese nodules (e.g., Frisch et al. 2011). Marginally and
vertically, these pelagic sediments may grade into turbid-
ite sequences (Frisch et al. 2011), but these turbidites are
derived from passive margins and don’t show the diverse
sources, including oceanic sources, that occur in the
Langjiexue Group.

It was suggested that the Shannan Basin was an oceanic
backarc basin (e.g., Zhu et al. 2011). For such a setting,
however, it is difficult to account for the abundant orogen-
derived clasts as seen in the Shannan Basin. Moreover, the
Shannan Basin lacks a corresponding bidirectional disper-
sal pattern, and, in addition, oceanic backarc basins are
expected to have significant basal and marginal arc detri-
tus (Marsaglia 1995), for which there is no evidence in the
Shannan Basin either.

Although the Langjiexue Group is a 800- to
2000-m-thick lithostratigraphic unit, it lacks any signs of
a shallowing-up sequence. It also isn’t dominated by mag-
matic arc detritus. On these grounds, it is unlikely that the
Shannan Basin represents a forearc basin (compare Busby
et al. 1995).

As a rifted continental margin approaches (generally
obliquely) a subduction zone, coastal promontories collide
first, resulting in diachronous orogenic uplift and erosion.
Adjoining remnant ocean basins are the natural repositories
for voluminous detritus eroded from the growing orogenic
belts (Ingersoll et al. 1995). On the main source side of a
remnant ocean basin, collisions had taken place between
nonsubductable continental crustal elements of variable
sizes and intraoceanic arcs, while the basin’s sea floor was
typically covered by turbidites, derived predominantly from
the adjacent source areas (Busby et al. 1995). These aspects
relating to remnant ocean basins seem to be compatible
with the characteristics of the Shannan Basin. A shrinking
ocean basin, the remnant ocean basin, is our first choice
of basin type as it would nicely explain how the Shannan
Basin got close to the Lhasa Terrane, Greater India, and
Australia (Li et al. 2016), near which oceanic lithosphere
was subducted. Once subduction ceased, sediment was able
to accumulate continuously and undisturbed on the remain-
ing oceanic lithosphere.

Figure 10 illustrates the tectonic setting, source area,
sediment transport direction, and dispersal pattern as well
as the basin character. Considering the paleogeography of
the Shannan Terrane (Li et al. 2016), it is postulated that
the remnant basin had formed between the northeastern
part of Greater India and northwestern Australia, being pre-
dominantly sourced from its northeastern side, the Lhasa
Terrane, and also from oceanic (island) arcs/seamounts
and mid-ocean ridge areas within the Paleo-Tethys Ocean.
Some materials were also derived from Greater India and
West Australia (Fig. 10, inlet).

Independent from us, Cai et al. (2016) very recently
proposed a similar paleogeography and provenance for the
Shannan Terrane based on sandstone petrography and U-Pb
detrital zircon analyses. Dissimilarities include (1) a much
larger size of the Shannan Terrane (too large?). (2) It seems
that the 20° clockwise vertical-axis rotation of the Shannan
Terrane during the Early Miocene (Antolin et al. 2011) was
not considered. (3) Cai et al. (2016) rely on paleocurrent data
by Li et al. (2003a). Thus, their corresponding depiction is
not in harmony with the sediment dispersal pattern and pale-
ocurrent style we newly reconstructed. (4) Both Cai et al.
(2016) and Li et al. (2016) demonstrated that populations of
detrital zircon ages of the Upper Triassic in the Lazi region
are different from those in Shannan, i.e., the so-called Nieru
Fm. in Lazi. However, this is not the same stratigraphic
unit as the “real” Nieru Fm. in Shannan and Kangmar. The
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so-called Nieru Fm. in Lazi belongs to the Tethyan Hima-
laya, whereas, the real Nieru Fm. in Shannan and Kangmar
is part of the Langjiexue Group of the Shannan Terrane. (5)
Similar to Li et al. (2010, 2014), Cai et al. (2016) have not
mentioned the occurrence of Cr-spinel and, thus, not pro-
vided a paleogeographic explanation for its provenance.

Due to the above-mentioned aspects, we prefer the
paleogeographic and tectonic model proposed by Li et al.
(2016), and, in addition, we propose a new sedimen-
tary model in which sediments were mainly derived from
the northeast of the remnant ocean basin (Fig. 10). Major
feeder channels traversed the area of the future collision
orogen and funneled the eroded sediments to the deposi-
tional area. The sediment was dispersed in a fanning-out
pattern toward the southwest to form a system of several
coalescing submarine fans. The submarine canyon served
as the main passage through the continental slope (the sedi-
ment bypass zone), funneling sediment downslope, and
forming submarine fans. Prograding distributary channels
transported the sands and silts close to the basin floor.

Summary

1. Four sedimentological methods were adopted to study
the Upper Triassic flysch of the eastern Himalaya Oro-
gen in southern Tibet. A variety of heavy minerals is
present within the sandstones, in which zircon, rutile,
tourmaline, apatite, and anatase are most common,
and zircon is predominant (generally over 60 %). The
ZTR values range from 60 % to 98 %, displaying an
overall increase to the south. The RuZi values vary
in magnitude. They are significantly higher east and
west of Zhanang (>20 %) than in the center (mostly
<20 %). The majority of the S/M ratios decrease from
north to south, suggesting an overall decrease in grain
size toward the south. The paleocurrent directions vary
between 100° to 260° (main vector 185°, corrected
for rotation), displaying curved to radial pattern sensu
Mattern (2005). The sandstones are mostly poorly and
moderately sorted, sub-angular, and sub-rounded (com-
pare Tucker, 2001) and dominated by fine to medium
sand-sized quartz grains (57.3-89.4 %), lithic frag-
ments (6.3-27.2 %), and feldspar grains (1.0-15.5 %).

2. The ZTR values, the isoline patterns of S/M ratios, and
the paleocurrents all indicate tendencies of southward/
southwestward/southeastward  sediment  transport,
allowing for the proposition of a curved to radial sedi-
ment dispersal pattern. The sediment was transported
from the north, northwest, or northeast by main chan-
nels to the basin floor and fan out in the mid- and
outer-fan areas by distributary channels. The paleocur-
rents seem to mimic the submarine fan channel system.

@ Springer

3. The sandstone compositions largely fall into the “recy-
cled orogenic” and “mixed-arc” fields of the Dickin-
son’s triplots. The heavy mineral assemblages support
the triplot results as they point to multiple sources,
potential sources being the Lhasa Terrane, oceanic
island arc/seamount, and mid-ocean ridge areas as well
as Greater India and Australia instead of a single prov-
enance for the Langjiexue Group.

4. Considering the multiple sources, the submarine fan
dispersal pattern, the recent advance in understanding
the relevant paleogeography as well as a discussion
that eliminates other basin types, it is suggested that
the Langjiexue Group was formed in a remnant basin
adjacent to Lhasa, Australia, and Greater India.
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