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Abstract

Focusing on surface sediments of the Yarlung Zangbo River on the Qinghai-
Tibet Plateau, this study analyzes their provenance and evolutionary processes.
Through systematic collection of river sediment samples, combined with high-
precision chemical analytical techniques, chondrite-normalized methods, indices
including éEu, La/Yb, and Rb/Sr, and multivariate diagrams were used to in-
vestigate geochemical characteristics, evolutionary processes, and provenance.
The results show that: (1) the total rare earth element contents of surface sedi-
ments in the Yarlung Zangbo River Basin are generally high, and the rare earth
element distributions are characterized by significant enrichment of light rare
earth elements, typical negative Eu anomalies, and no obvious Ce anomalies. (2)
Weathering in the basin exhibits clear spatial differences, with physical weath-
ering dominating in the upper reaches and chemical weathering dominating in
the lower reaches. (3) From the upper to the lower reaches, mineral sorting
in the sediments gradually intensifies, and mineral maturity shows a significant
increasing trend. (4) The results of the geochemical mixing model indicate that
the sediments in the study area are mainly contributed by metapelitic rocks
of the Himalayan orogenic belt (89.7%), Himalayan leucogranites (8.3%), and
Gangdese batholith granites (2.3%). These findings provide important geochem-
ical support for research on regional tectonic evolution processes and material
migration patterns.
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Abstract: Focusing on surface sediments of the Yarlung Zangbo River on
the Qinghai-Tibet Plateau, this study analyzes their provenance and evolu-
tionary process. River-sediment samples were systematically collected and, in
combination with high-precision chemical analysis techniques, the chondrite-
normalization method was adopted. Using indicators such as dEu, La/Yb, and
Rb/Sr, together with multivariate diagrams, the geochemical characteristics,
evolutionary process, and provenance were analyzed. The results show that: (1)
The total rare-earth-element content of surface sediments in the Yarlung Zangbo
River basin is generally relatively high; the rare-earth elements exhibit signifi-
cant enrichment of light rare earth elements, with a typical negative Eu anomaly
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and no obvious Ce anomaly. (2) Weathering in the basin shows marked spatial
differences: the upstream area is dominated by physical weathering, whereas
the downstream area is dominated by chemical weathering. (3) From upstream
to downstream, mineral sorting in the sediments gradually strengthens, and
mineral maturity shows a significant increasing trend. (4) The results of the
geochemical mixing model indicate that the provenance of sediments in the
study area is jointly contributed mainly by Xigaze Group pelitic rocks (89.7%),
Himalayan leucogranite (8.3%), and Gangdese basement granite (2.3%). The
research results can provide important geochemical supporting evidence for stud-
ies of regional tectonic evolution processes and patterns of material migration.

Keywords: Yarlung Zangbo River; river surface sediments; trace elements;
rare earth elements

Article number: 1000-6060(2026)08-1675-12(1675-1686)

Geochemical studies of rare earth elements and trace elements in river sediments
can not only effectively characterize the elemental abundance background at dif-
ferent regional scales, but also, through the spatial distribution patterns of ele-
ments, infer the lithologic composition of drainage basins and the mineralization
characteristics of potential bedrock, thereby providing important geochemical
evidence for in-depth elucidation of basin weathering-erosion processes, sedi-
ment transport pathways, and migration mechanisms.

Mineral maturity is a core indicator characterizing the evolutionary process
of sediments. Specifically, it refers to the degree to which clastic sediments,
throughout the entire chain of transport and deposition, undergo physical sort-
ing abrasion and chemical weathering alteration and progressively evolve toward
a stable state. In practical evaluation, this indicator usually takes sedimentary
structure-mineralogical characteristics as its core basis, covering key parame-
ters such as the selectivity of mineral grains and the abundance ratios of stable
weathering-resistant minerals to unstable minerals.

Although research methods for mineral maturity are relatively well developed,
their evaluation accuracy and application effectiveness are constrained by fac-
tors such as parent-rock lithology and sedimentary dynamic conditions. Rare
earth elements, because of their distinctive geochemical properties, have become
important indicators for provenance and evolutionary tracing. Their distribu-
tion patterns can reveal parent rocks, weathering, and aqueous-rock interaction?;
characteristic trace-element ratios can distinguish the superimposed effects of
provenance and maturity. Combining the two provides an effective means for
analyzing the coupled relationship among provenance, weathering, and mineral
maturity. River sediments are the main carrier of material transport; their rare
earth elements and maturity indicators jointly record the evolution of the geo-
logical environment of a basin and are an important carrier for reconstructing
regional geological processes.

11
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Researchers worldwide have conducted systematic studies on sediments of large
rivers such as the Congo River, Amazon River, Rhine River, Mississippi River,
and Indus River?, demonstrating that tectonic setting controls provenance and
rare-earth-element distribution, that the dominant factors of mineral maturity
have regional differences, and that a research approach centered on the combined
use of multiple indicators is essential. Studies related to rivers in China have
both verified the above common patterns and, by incorporating regional climatic
and tectonic characteristics, used cases such as the Yangtze River, Yellow River,
rivers around the Yellow Sea, Pearl River, Red River, Lancang River, and rivers
flowing into the sea along the southeast coast® to improve understanding of
weathering, sorting, provenance, and sea-land material migration in rivers of
different climatic zones.
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In recent years, high-precision analytical techniques represented by inductively
coupled plasma mass spectrometry (ICP-MS) have continuously promoted the
deepening of elemental geochemical methods. Elemental ratios such as La/Sc
and Th/Sc, as well as multivariate diagrams such as La-Th-Sc, have become
common means for effectively distinguishing the tectonic background of prove-
nance areas

13-14

, and have continually advanced research on the provenance of fluvial sediments.

However, geochemical research on sediments of the Yarlung Zangbo River still
has obvious deficiencies. The existing limitations mainly include: incomplete
coverage of basin-scale data and a lack of systematic studies on mineral maturity
and spatial differentiation; provenance tracing mostly adopts single indicators,
without achieving integrated constraints using rare earth elements and trace ele-
ments; and discussion remains weak regarding the coupling mechanism between
the special regional geological background and the fractionation of rare earth
elements.

This study systematically analyzes the rare earth and trace element composi-
tions of sediments from the Yarlung Zangbo River. By using multi-index joint
provenance tracing with rare earth and trace elements, it systematically reveals

22-6
37-12
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the spatial evolution patterns of mineral maturity in Yarlung Zangbo River sedi-
ments and quantitatively evaluates the proportions of sediment source contribu-
tions. This research can supplement rare earth and trace element geochemical
data for the basin, provide key evidence for revealing mechanisms of regional
geological evolution, and is also of great significance for understanding mate-
rial transport processes in the arid-humid transition zone of the Qinghai-Tibet
Plateau.

1 Data and Methods

1.1 Overview of the Study Area

The Yarlung Zangbo River originates from the Jiemayangzong Glacier on the
northern slope of the Himalayas. Its basin area is 239,228 km?, and its total
length is 2,229 km

15

. It is a typical river in the semi-arid to humid transition zone (Fig. 1). In the
upper reaches of the basin, annual precipitation is less than 300 mm

16

, whereas at the Nuxia station in the lower reaches, multi-year average precipi-
tation exceeds 5,000 mm. In addition, the intra-annual distribution of precipi-
tation is also extremely uneven, with summer precipitation accounting for 65%-
80% of the annual total

15

The Yarlung Zangbo River is located in the core region of the Himalayan-
Tibetan Plateau orogenic belt (Fig. 2). Its left bank is the Lhasa terrane,
dominated by igneous rocks represented by magmatic rocks and widely exposed
Gangdese rocks. The right bank is the Himalayan orogenic belt, mainly com-
posed of thick Paleozoic to Mesozoic sedimentary rocks and metamorphic rocks.
Under intense orogenesis, these argillaceous rocks underwent partial melting,
forming large quantities of Himalayan-type leucogranite

17-18

1.2 Data Sources

From July to August 2020-2021, systematic sampling of the Yarlung Zangbo
River was carried out in the Qinghai-Tibet Plateau region (Fig. 1). Sampling
points were selected according to “appropriate

Fig. 1 Schematic diagram of the study area
Fig. 2 Geologic map of the main rock types in the Yarlung Zangbo Basin
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Fig. 1 Schematic diagram of the study area
Figure 1: Fig. 1 Schematic diagram of the study area
Fig. 2 Geologic map of the main rock types in the Yarlung Zangbo Basin

Figure 2: Fig. 2 Geologic map of the main rock types in the Yarlung Zangbo
Basin

According to the principle of “distance interval + representative location se-
lection,” spatial coverage was set to include 13 longitude belts and 2 latitude
belts (82°-95°E, 29°-30°N). Along the basin from west to east, sampling sites
were arranged at an average interval of 50 km, with a total of 33 sampling
sites covering the entire mainstream of the Yarlung Zangbo River and its major
tributaries; ultimately, 27 valid samples were retained.

This study adopted a bulk-sample analysis method. This method can effectively
characterize the overall geochemical background of the basin[~19-20]; when
provenance signals dominate, the influence of grain-size factors on the distri-
bution of rare earth elements will be significantly weakened[ 21-23]. The study
area is in the high-water period from July to August, and strong hydraulic ero-
sion and transport promote sufficient mixing of provenance materials, making
the sediments dominated by fine-grained components (<63 pm), with relatively
uniform grain-size distribution["19] and relatively consistent elemental compo-
sitions among different regions[ 24]. The analytical procedure for rare earth
elements and trace elements was as follows: the whole-rock samples were dried
at low temperature and ground in an agate mortar to 200 mesh. The contents of
rare earth elements and other trace elements in the sediments were determined
by ICP-MS at the Beijing Geological Research Institute of Nuclear Industry.
The relative standard deviation of the analytical results was less than 2%. For
quality control, one laboratory standard sample (andesite AGV-2) was added
simultaneously for every 10 samples analyzed.

This study comprehensively considers the longitude distribution pattern, geo-
morphological features, basement geological attributes, and provenance differ-
entiation pattern of the Yarlung Zangbo River basin, and, with reference to
existing related research results for this basin["25-26], divides it into three
reaches: upstream, midstream, and downstream. The sampling-site distribu-
tion and core characteristics corresponding to each reach are as follows: the
upstream reach comprises Y01-Y14, distributed from Ngari in Tibet to west
of Xigazé (<88.5°E); the midstream reach comprises Y15-Y26, located from
Xigazé to west of Mainling (88.5°-94.5°E); the downstream reach comprises
Y27-Y33, covering the Mainling area to the great bend of the Yarlung Zangbo
River (>94.5°E). This study used chondrite as the reference standard for the
surface sediments of the Yarlung Zangbo River. The calculation methods for
0Ce and dEu in the text are as follows:
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6Ce = Cey/(Lay x Pry)'/? (1)

6Eu = Euy/(Smy x Gdy)'/? (2)

In the formulas: §Ce is the cerium anomaly; dEu is the europium anomaly; Ce,
La, Pr, Eu, Sm, and Gd are the contents of cerium, lanthanum, praseodymium,
europium, samarium, and gadolinium, respectively; N denotes the value after
chondrite normalization[ 27].

2 Results and analysis

2.1 Trace-element and rare-earth-element contents in surface sedi-
ments of the Yarlung Zangbo River

The statistical data for trace elements and rare earth elements in surface sedi-
ment samples from the study area are shown in Table 1. The contents of most
trace elements are relatively stable, while some elements show pronounced fluc-
tuations. Taking Cr as an example, its average value is only 174.46 pg- g,
whereas the maximum value reaches 2366.00 ug+g~* (13.6 times the average),
and the standard deviation (430.78 ug-g~1) far exceeds 1/2 of the average value.
This geochemical characteristic indicates that local Cr-enriched areas may exist
in the study area. Its genetic interpretation is inferred to be closely related to
two major factors: local special lithologic input (such as contribution from the
Yarlung Zangbo River ophiolite belt) and selective enrichment of heavy miner-
als["28-29]. The overall fluctuation of rare earth elements is gentle: for the 14
rare earth elements, the “maximum/average” values are mostly between 1.2 and
1.6, and the coeflicients of variation (the ratio of standard deviation to average
value) are generally less than 0.3. This indicates that the contents of rare earth
elements are little affected by local interference, are mainly controlled by the
overall rock-weathering process of the basin, and can serve as reliable indicators
reflecting the regional “natural background.”

The total rare earth element content (XREE), light rare earth element (LREE:
La-Eu) content, and heavy rare earth element (HREE: Gd-Lu) content in sur-
face sediment samples from each sampling site are shown in Figure 3. The re-
sults show that there are significant differences in the overall abundance of rare
earth elements in sediments from different sampling sites, and XREE exhibits
a staged gradient variation. According to the data distribution characteristics,
the sediments in the study area can be roughly divided into three groups: a
low-total group (Y03, Y04, Y22) with YXREE < 110 pg - g !; a medium-total
group (Y01, Y02, Y05, Y07, YO8, Y21) with XREE ranging from 102 to 155
pg - gt and a high-total group (Y09-Y11, Y13-Y20, Y24-Y33) with YREE
ranging from 180 to 233 ug-g~!. The above grouping characteristics may be
closely related to the spatial location of each sampling site, parent-rock type,
and material transport process.
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Overall, the sediment samples in the study area generally show significant en-
richment of LREE. The LREE content is much higher than the HREE content,
and LREE/HREE is about 10. Among them, sample Y33 shows an obvious pe-
culiarity: its HREE content reaches 24.526 ug-g~!, the highest value among all
samples, and its LREE/HREE is the lowest ( 6.66), indicating that the sediment
at this sampling site has a differentiation characteristic of relatively enriched
HREE.

2.2 Differentiation characteristics of rare earth elements in surface
sediments of the Yarlung Zangbo River

Figure 4 shows the distribution pattern of rare earth elements after chondrite
normalization[~27]. The LREE-normalized values of all samples gradually de-
crease with increasing atomic number, whereas the HREE are relatively flat,
overall forming a “high on the left and low on the right” distribution curve, indi-
cating significant enrichment and fractionation of LREE relative to HREE. Com-
pared with sediment data from the Yangtze River and Yellow River basins[" 8],
the upper continental crust[” 1], and North American shale["30], the surface sed-
iments of the Yarlung Zangbo River show distinct characteristics: not only is the
total XREE higher, but the negative Eu anomaly is also more pronounced, and
the degree of LREE enrichment is stronger. The formation of this geochemical
difference is inferred to be directly related to the uniqueness of the provenance
in the Himalayan orogenic belt and the particularity of basin weathering.

From the rare-earth-element differentiation characteristic parameters listed in
Table 2, it can be seen that the dEu values of all sampling sites are less than
1 (0.50-0.67), with no extreme discrete values, indicating typical negative Eu
anomalies; the §Ce values are all close to 1 (0.91-

Table 1 Contents of trace elements and REEs in surface sediments of the Yarlung
Zangbo River /ug g™

Sampling
site Li Be S¢ V Cr Co Ni Cu Zn Ga Rb Sr Y Mo Cd

Y01 47.404.76 4.80 29.0058.106.54 24.0010.2045.4013.30149.0089.008.800.27 0.11
Y02 45.305.58 4.03 31.0048.505.47 20.409.79 43.7014.30172.0063.009.000.63 0.11
Y03 33.404.81 3.21 23.6044.504.16 20.505.25 33.8012.00179.0094.002.200.22 0.03
Y04 30.903.95 4.50 44.90106.08.03 47.8015.7042.0010.30111.005.0013.700.21 0.07
Y05 62.704.75 7.27 50.6062.408.91 28.9018.9068.0016.40182.0050.008.100.40 0.12
Y07 50.102.42 7.53 58.1050.808.71 27.7017.3071.9013.10116.0033.000.200.46 0.12
Y08 36.703.02 7.88 55.6054.4010.1031.6029.6062.1013.20117.0035.009.400.38 0.09
Y09 41.302.50 9.29 76.3081.3011.1028.6025.0072.7015.20123.0036.004.900.38 0.08
Y10 51.503.21 9.56 69.6084.9012.4040.1027.1077.7015.00114.0203.002.100.47 0.10
Y11 36.702.82 8.56 70.50134.002.4056.3026.5073.3013.00103.0056.024.500.46 0.07
Y13 40.102.60 9.46 84.70112.003.6060.1031.8077.1014.70104.0074.002.100.51 0.10
Y14 46.402.60 11.1077.80107.006.4062.8039.8086.5016.70109.0085.005.400.64 0.12
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Sampling
site Li DBe

Sc V Cr Co Ni Cu Zn Ga Rb Sr Y Mo

Cd

Y15 38.602.42
Y16 33.903.17
Y17 35.502.71
Y18 38.402.52
Y20 38.702.51
Y21 26.001.90
Y22 26.201.65
Y24 35.802.35
Y25 32.601.95
Y26 43.402.17
Y27 34.901.98
Y28 48.002.47
Y29 35.902.19
Y31 15.101.66
Y33 16.002.19
Aver3ge332.85
Maxtiniinh. 58
Minihut0nl.65
Stand@ieb1.02
de-

10.4075.40124.005.1066.4033.0079.2015.10102.0063.023.400.47
9.63 83.3072.1010.3030.0025.0071.2014.90110.0024.006.900.50
10.0094.60120.003.0043.3028.4076.2015.20107.0921.024.300.63
10.1081.50100.002.8049.3029.8076.7015.40105.00928.004.500.64
10.1081.90141.003.6043.1038.8083.7015.90110.0099.024.700.67
8.24 76.9048.809.41 24.4022.9060.2014.50106.0078.009.800.81
8.40 65.702366.00.10322.009.2062.6011.3077.50178.004.000.37
9.89 88.00133.002.6043.4030.6078.5015.5099.30216.008.400.57
9.02 98.40137.002.0036.5025.3082.8015.1092.60242.003.000.64
10.6084.4084.3014.7046.4036.4096.2016.60107.0203.029.300.60
9.76 84.10100.002.8041.2030.8080.6015.1096.20221.007.000.57
12.2095.7077.9018.2050.8065.90104.008.20116.0094.028.100.78
9.42 81.6079.2012.4034.9031.5079.5015.10105.0091.005.200.47
7.42 78.2079.308.37 22.3012.4077.1014.6072.50217.083.300.45
14.2090.60104.005.5032.1024.8060.2016.6093.20150.089.800.50
8.76 71.56174.462.0649.4426.3671.2214.68114.0190.303.410.51
14.2098.402366.00.10322.065.90104.008.20182.0978.089.800.81
3.21 23.6044.504.16 20.405.25 33.8010.3072.5095.0012.200.21
2.41 20.13430.78.39 54.9711.6515.821.70 26.3738.435.80 0.15

0.08
0.07
0.09
0.08
0.10
0.10
0.07
0.08
0.10
0.13
0.10
0.17
0.13
0.11
0.09
0.10
0.17
0.03
0.03

Sampling

site In Sb

Cs Ba W Re TI Pb Bi Th U Nb Ta Zr

Hf

Y01 0.03 5.16
Y02 0.04 1.55
Y03 0.02 1.36
Y04 0.02 0.78
Y050.04 1.73
Y07 0.05 1.94
Y08 0.04 1.29
Y09 0.05 1.14
Y100.05 2.38
Y110.04 1.52
Y130.05 1.58
Y14 0.05 1.60
Y150.05 1.38
Y16 0.05 1.53

73.60358.08.04 0.00 0.78
39.70408.00.13 <0.00202
34.40425.08.09 0.00 1.07
21.10333.00.61 <0.0@260
48.20402.00.28 <0.00289
27.90324.08.11 0.00 0.59
34.20328.08.86 <0.0M261
26.80338.08.47 <0.00267
43.10326.04.86 0.00 0.55
25.70309.00.29 <0.0@258
28.80313.08.12 0.00 0.58
33.60339.08.48 <0.00R54
19.60359.08.24 <0.0@248
23.10380.08.01 0.00 0.62

36.600.74
43.500.97
31.700.39
28.100.40
34.101.17
27.300.60
25.200.42
23.600.43
22.100.58
20.700.50
22.000.64
23.900.75
21.600.30
24.100.72

14.204.17
15.303.85
10.102.60
6.62 1.47
13.202.43
13.302.57
11.201.81
16.402.67
13.402.10
13.702.23
15.802.19
18.202.95
16.602.11
16.602.45

9.34 1.18
10.801.38
7.78 0.85
8.22 0.72
12.801.34
12.901.19
11.101.04
14.801.32
14.301.33
15.201.55
13.501.14
14.701.30
14.101.17
12.701.10

47.201.64
40.401.49
35.201.30
65.001.89
62.701.79
89.402.61
81.402.51
119.08.63
81.602.40
90.002.54
77.102.29
89.702.77
86.102.51
78.302.43
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Sampling

pointln  Sb

Cs Ba W

Re

Tl

Pb Bi Th U

Nb Ta

Zr Hf

Y17 0.04
Y18 0.04
Y20 0.05
Y21 0.04
Y220.03
Y24 0.05
Y250.05
Y26 0.05 1.21
Y270.05 1.16
Y28 0.07 1.20
Y29 0.05 0.94
Y310.05 1.23
Y330.06 0.13
Meaf.04 1.53
MaxhQnb.16
Minih2n0.13
Stand#xt 0.91
de-

3.47
1.40
1.47
1.02
1.16
1.21
0.90

24.50383.08.09
26.80361.00.78
29.90391.00.99
16.70432.00.51
17.30308.00.49
24.30352.00.51
15.30365.08.37
28.60378.08.84
22.90356.00.67
29.10405.08.32
24.50368.00.50
3.27 278.00.84
4.12 334.00.72
27.67357.53.53
73.60432.00.29
3.27 278.00.49
13.2937.401.38

<0.00259
<0.00R57
<0.0258
0.00 0.68
0.00 0.46
0.00 0.60
<0.00254
<0.00263
<0.0@257
0.00 0.72
<0.00263
<0.00239
<0.00244
0.00 0.63
0.00 1.07 43.501.17
0.00 0.39
0.00 0.15

21.700.28
22.600.31
24.700.37
22.700.31
16.800.17
21.700.32
22.200.23
25.000.41
22.700.28
29.200.44
24.500.31
25.100.17
13.500.13
25.070.46

16.002.71
17.002.91
22.504.32
10.402.14
7.48 1.65
20.403.02
24.703.46
21.503.20
17.902.59
17.703.31
16.502.72
29.205.35
17.303.36
16.042.83
29.205.35
13.500.13 6.62 1.47
5.88 0.24 4.86 0.85

14.001.14
12.201.05
14.001.29
9.50 0.86
7.18 0.65
14.401.28
14.601.30
14.001.23
13.301.12
14.401.18
13.401.24
16.301.48
12.501.29
12.671.17
16.301.55
7.18 0.65
2.36 0.21

85.802.54
93.002.73
91.002.85
66.902.14
44.901.51
95.803.29
52.701.75
97.402.81
77.902.59
70.102.21
67.402.30
58.002.01
38.601.36
73.432.29
119.08.63
35.201.30
20.500.56

Sampling

pointLa Ce

Pr Nd Sm

Eu

Gd Tb Dy Ho

Er

Tm Yb Lu

Y01 32.2057.407.11
Y02 33.9061.207.29
Y03 24.1042.905.18
Y04 19.8037.704.67
Y05 30.7055.406.57
Y07 34.8065.707.74
Y08 31.5058.506.93
Y09 45.4089.6010.9039.406.73
Y10 39.8075.009.25 33.706.18
Y11 47.5093.7011.4041.907.32
Y13 46.2089.6011.1039.706.81
Y14 42.3084.8010.2037.206.88
Y15 44.0087.5010.4037.706.59
Y16 42.8083.1010.3038.506.91
Y17 43.4085.6010.2036.806.57

26.204.99
25.804.87
18.103.25
16.903.16
23.804.51
27.304.96
25.404.72

0.76
0.84
0.59
0.66
0.76
0.87
0.87
1.18
1.05
1.25
1.19
1.17
1.19
1.16
1.11

4.24 0.70
4.12 0.70
2.69 0.44
2.76 0.50
3.88 0.65
4.36 0.70
3.85 0.67
5.51 0.92
5.13 0.84
5.98 0.96
5.76 0.90
5.61 0.93
5.60 0.86
5.61 0.97
5.14 0.82

3.49 0.66
3.46 0.66
2.28 0.42
2.31 0.49
3.20 0.64
3.48 0.68
3.44 0.67
4.60 0.89
4.13 0.80
4.57 0.87
4.04 0.76
4.41 0.88
4.22 0.84
4.61 0.95
4.21 0.82

1.68
1.68
1.14
1.26
1.68
1.76
1.83
2.39
2.07
2.43
2.17
241
2.20
241
2.25

0.28
0.30
0.19
0.22
0.29
0.32
0.31
0.41
0.34
0.39
0.34
0.37
0.38
0.41
0.39

1.69
1.82
1.27
1.35
1.89
1.95
1.97
2.48
2.12
2.46
2.21
2.54
2.29
2.61
2.33

0.24
0.25
0.17
0.19
0.24
0.29
0.27
0.35
0.30
0.34
0.31
0.34
0.34
0.37
0.35
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Sampling
pointLa Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Y18 47.3086.0010.5037.406.45 1.17 5.38 0.85 4.28 0.85 2.27 0.37 2.36 0.32
Y20 47.5093.9011.5041.107.47 1.22 6.11 0.98 4.78 0.89 2.27 0.40 2.56 0.38
Y21 34.3059.807.19 25.104.45 0.81 3.82 0.63 3.29 0.67 1.83 0.34 2.04 0.32
Y22 23.9043.805.42 19.703.63 0.67 2.92 0.50 2.46 0.51 1.32 0.23 1.43 0.21
Y24 49.4097.9012.1044.407.89 1.40 6.51 1.08 5.26 1.02 2.65 0.46 2.85 0.40
Y25 43.8080.6010.2036.906.24 1.22 5.47 0.81 4.30 0.83 2.24 0.37 2.32 0.34
Y26 48.1095.9011.5042.507.49 1.27 6.61 1.08 5.16 1.02 2.68 0.46 2.80 0.40
Y27 45.4089.7011.1040.207.44 1.32 6.00 0.98 4.76 0.94 2.48 0.44 2.73 0.37
Y28 43.2084.0010.3037.306.95 1.34 5.80 0.97 4.95 0.97 2.70 0.44 2.55 0.35
Y29 43.7086.2010.4037.907.34 1.26 5.86 0.96 4.77 0.89 2.41 0.41 2.51 0.35
Y31 50.7091.5011.2038.206.79 1.23 6.37 1.04 5.45 1.17 3.05 0.54 3.42 0.45
Y33 39.6072.709.03 34.006.93 1.16 6.18 1.16 6.53 1.41 3.66 0.64 4.34 0.60
Mea189.8375.919.25 33.456.06 1.06 5.08 0.84 4.16 0.82 2.18 0.37 2.33 0.33
Maxinthifd97.9012.1044.407.89 1.40 6.61 1.16 6.53 1.41 3.66 0.64 4.34 0.60
Minikf18037.704.67 16.903.16 0.59 2.69 0.44 2.28 0.42 1.14 0.19 1.27 0.17
Stan@2d 17.452.15 7.89 1.37 0.23 1.14 0.19 0.97 0.21 0.54 0.09 0.62 0.09
de-

Vi1-

a_
tion

Note: > REE is the total content of rare earth elements; LREE denotes light
rare earth elements; HREE denotes heavy rare earth elements. The same below.

Fig. 3 Contents of > REE, LREE and HREE in samples
(a) Comparison after rare earth element normalization
(b) Rare earth element normalization

Note: Yellow River and Yangtze River data are from Yang et al.l¥l; UCC de-
notes upper continental crust, data from Taylor et al.l; NASC denotes North
American shale, data from Haskin et al.?%. The same below.

Fig. 4 Chondrite normalization of REEs in surface sediments of the Yarlung
Zangbo River

Table 2 Fractionation characteristic parameters of REEs in samples

Sampling

site 0Eu 0Ce  (La/Yb)y (Gd/Yb)y LREE/HREE
Y01 0.50 0.91 10.59 1.88 9.91
Y02 0.57 0.93 10.35 1.70 10.31
Y03 0.60 0.92 10.55 1.59 10.95
Y04 0.67 0.94 8.15 1.54 9.13
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Sampling

site dEu 0Ce  (La/Yb)y (Gd/Yb)y LREE/HREE
Y05 0.55 0.94 9.03 1.54 9.76
Y07 0.56 0.96 9.92 1.68 10.44
Y08 0.62 0.95 8.89 1.47 9.83
Y09 0.58 0.97 10.18 1.67 11.01
Y10 0.56 0.94 10.43 1.82 10.50
Y11 0.57 0.97 10.73 1.83 11.29
Y13 0.57 0.95 11.62 1.96 11.80
Y14 0.56 0.98 9.26 1.66 10.44
Y15 0.59 0.98 10.68 1.84 11.20
Y16 0.56 0.95 9.11 1.61 10.19
Y17 0.57 0.98 10.35 1.66 11.26
Y18 0.60 0.93 11.14 1.71 11.32
Y20 0.54 0.96 10.31 1.79 11.04
Y21 0.59 0.91 9.35 1.41 10.18
Y22 0.62 0.92 9.29 1.53 10.14
Y24 0.59 0.96 9.63 1.72 10.53
Y25 0.63 0.92 10.49 1.77 10.73
Y26 0.54 0.98 9.55 1.77 10.23
Y27 0.59 0.96 9.24 1.65 10.44
Y28 0.63 0.96 9.42 1.71 9.77
Y29 0.58 0.97 9.68 1.75 10.29
Y31 0.56 0.92 8.24 1.40 9.29
Y33 0.53 0.92 5.07 1.07 6.66

Note: 6Ce and JEu are cerium anomaly and europium anomaly, respectively; La,
Yb and Gd are lanthanum, ytterbium and gadolinium, respectively; N denotes
values normalized to chondrite; LREE denotes light rare earth elements; HREE
denotes heavy rare earth elements. The same below.

0.98), indicating no obvious Ce anomaly. The key parameters reflecting light-
heavy rare earth fractionation, (La/Yb)y and LREE/HREE, together show
that the sediments in the study area are characterized overall by significant
enrichment of LREE and a high degree of fractionation. Only sampling site
Y33 exhibits an obvious anomaly, which is inferred to be influenced by specific
geological or environmental factors.

3 Discussion
3.1 Evolution process

The Sr versus Rb/Sr relationship diagram can, to a certain extent, reflect in-
formation on weathering and diagenesis in the source areal®!). Sr content is
significantly negatively correlated with the Rb/Sr value, and the Rb/Sr value
varies over a relatively large range (0.33-1.21) (Fig. 5), indicating:
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Fig. 5 Sr-Rb/Sr diagram of samples

Figure 3: Fig. 5 Sr-Rb/Sr diagram of samples

Fig. 5 Sr-Rb/Sr diagram of samples

There are significant differences in the chemical weathering intensity among
different regions of the Yarlung Zangbo River basin. Among them, sampling
sites with low Rb/Sr values and high Sr contents (such as Y21, Y22, Y25, and
Y31) are concentrated in the middle and lower reaches, which may indicate
relatively strong chemical weathering in this region. Because a large amount
of Sr is carried into the fluvial sediments, the Rb/Sr value is diluted; whereas
sampling sites with high Rb/Sr values and low Sr contents (such as Y04, Y05,
Y08, and Y09) are all located upstream, corresponding to relatively weak chem-
ical weathering. This inverse variation indicates that, during the transition of
the Yarlung Zangbo River from a cold and dry to a humid environment, the
weathering intensity in the downstream reaches is much greater than that up-
stream, and the proportion of mudstone in the downstream reaches may show
an increasing trend.

Significant and stable negative Eu anomalies indicate that the sediment prove-
nance is mainly derived from felsic basement rocks such as granites, without
interference from reductive diagenesis, and that the provenance signal is well pre-
served[”32]. This feature also indicates that the physical denudation of granitic
rocks is stronger than chemical weathering. In combination with the above data
characteristics, it can be further inferred that the upstream Yarlung Zangbo
River is dominated by physical weathering. As the river enters the middle-
upper reaches with gentler topography, the flow velocity decreases and chemi-
cal weathering gradually intensifies. In the downstream reaches, weathering is
dominated by chemical weathering.

Ce anomalies are closely related to the redox state of the depositional envi-
ronment. In this study, dCe shows no obvious anomaly and remains stable,
indicating that the redox state of the sedimentary environment was relatively
stable. At the same time, within the present sampling-depth range, diagenesis
did not produce a significant overprinting effect on the original provenance sig-
nals of rare earth elements, and source-area weathering and fluvial transport
processes were the main factors controlling the geochemical characteristics of
the sediments.

The Th/Sc-Zr/Sc diagram can be used to compare provenance components, in-
fer compositional changes during the deposition of clastic sedimentary rocks,
and reflect the influence of sediment sorting and recycling[~14,733]. The prove-
nance discrimination criteria of this diagram are as follows: when Th/Sc < 1,
the source is a young undifferentiated arc; when Th/Sc 1, the source is ancient
upper continental crust; and when Th/Sc > 1, the source is recycled sedimen-
tary rock["14]. As shown in Fig. 6, comparison of the sediment samples with
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Fig. 6 Th/Sc-Zr/Sc diagram of samples

Figure 4: Fig. 6 Th/Sc-Zr/Sc diagram of samples

the “trend line dominated by igneous differentiation—active continental margin”
and the “trend line dominated by sorting—passive continental margin” drawn
by McLennan et al.["13] in 1993 shows that all samples are basically distributed
in the upper-left region above the “cross-shaped” reference lines formed by the
continental crust and the passive margin, suggesting that the provenance may
be recycled sedimentary rock.

In addition, larger Zr/Sc values represent a higher degree of zircon enrich-
ment["34]. In this study, the Zr/Sc values of the fluvial sediment samples are all
lower than that of the upper continental crust; among them, zircon and other
heavy minerals are relatively more enriched in the upstream samples (Fig. 6).
This feature indicates that the upstream flow is turbulent and has strong trans-
port capacity; mineral sorting is relatively weak, and coarse particles and heavy
minerals occur in a mixed depositional state, without being sufficiently sorted by
density. In the middle reaches, the proportion of heavy minerals decreases and
the content of light minerals increases, indicating that the flow velocity in the
middle reaches decreases, density sorting strengthens during transport, heavy
minerals are preferentially deposited, and light minerals continue to be trans-
ported downstream. In the lower reaches, sorting is further strengthened, light
minerals occupy an absolute advantage, and heavy minerals are largely removed
by sorting. However, the Zr/Sc values of sampling sites such as Y25 and Y31 in-
crease abruptly, suggesting that local provenance input or topographic changes
may have caused abrupt changes in flow velocity, leading to re-enrichment of
heavy minerals and weakening of sorting. In summary, the mineral maturity of
the surface sediments of the Yarlung Zangbo River shows a significant increasing
trend from upstream to downstream.

3.2 Provenance

After clarifying the weathering and sorting evolutionary processes in the basin,
this study further uses geochemical indicators sensitive to provenance to con-
strain the specific sources of the sediments. The Th/U value can effectively
distinguish the provenance characteristics of clastic sedimentary rocks: for clas-
tic sedimentary rocks derived from the upper continental crust, the Th/U value
is usually characterized by 4; if the Th/U value is lower than 4, it can be in-
ferred that there may be a contribution from mantle-derived material to the
provenance[ 35]. Except for Y01, Y02, and

Note: The data for the active margin and passive margin are from McLen-
nan["13].

Fig. 6 Th/Sc-Zr/Sc diagram of samples
Except for sampling point Y03, the Th/U values of the other sampling points
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are all greater than 4; whereas the average Th/U value of Y01, Y02, and Y03
is only 3.76 (Fig. T7a), close to the Th/U range of intermediate rocks (such
as diorite), or indicating a mixed source of basic rocks and a small amount of
granite. From the transitional reach between the middle and upper reaches to
the middle reaches, the Th/U-value plots of the sampling points gradually fall
completely within the typical granite field. The downstream material source is
affected by the sedimentary environment and local tectonic disturbances; the
Th/U values show fluctuating changes and ultimately tend toward low values
in the estuary area.

The contents of Th and Sc are not affected by sedimentation|["1] and are im-
portant indicators for discriminating provenance and sedimentary environment.
As can be seen from Fig. 7b, according to the Th-Sc relationship diagram
proposed by McLennan et al.["13] in 1993, the ratio line of Th/Sc = 1 divides
the samples into two categories: continental felsic provenance characteristics
and other provenance characteristics. Except for Y22, all the other samples
show continental felsic provenance characteristics. In addition, Y33 exhibits
the coupling characteristics of high Sc and low Th, a phenomenon indicating
that fine-grained clay deposition dominates in this area.

Th and La are relatively enriched in felsic igneous rocks, whereas Sc is higher
in mafic igneous rocks. This difference in elemental contents is the core basis
for distinguishing two types of provenance[ 36]. As can be seen from the La-
Th-Sc ternary diagram, the plotted characteristics of all samples indicate that
the provenance is dominated by felsic rocks (Fig. 8). Most sediment samples
plot within the area enclosed by five reference points: China granite[~37], upper
continental crust, world granite (Ca-rich), world granite (Ca-poor)[ 38], and
Wudangshan granite[~39]. The sample plots overlap extensively with the areas
for Himalayan leucogranite[~40], Wudangshan granite pegmatite dikes[~39], and
Himalayan orogenic-belt metapelites[~41], indicating that their compositions are
highly similar.

To test the main components of the source rocks and understand their content
proportions, a mixing calculation matrix was established with reference to the
method of constructing dEu, (La/Yb)y, and (Gd/Yb) [ "42], as follows:

SEu 049 059 0.37] [a 0.58
La/Yb| = [11.25 9.64 4.16| |8| = [9.68| ‘shale’ (3)
Gd/Yb 251 159 0.97] |y 1.66

In the equation: a is Himalayan leucogranite; b is Himalayan orogenic-belt
metapelite; ¢ is Wudangshan granite. La/Yb and Gd/Yb were both normalized
to chondrite["27]. The calculation results show that Himalayan orogenic-belt
metapelites are the principal source rock of the Yarlung Zangbo River surface
sediments, accounting for 89.7%; Himalayan leucogranite accounts for 8.3%; and
Wudangshan granite accounts for 2.3%.
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Fig. 7
Figure 5: Fig. 7
Fig. 8

Figure 6: Fig. 8

To verify whether the obtained source-rock proportions accurately reflect the
actual geochemical composition of the sediments, mass-balance calculation is
also required. The geochemical compositions of the various source rocks are
weighted according to their contribution proportions and averaged to obtain
the theoretically mixed sediment composition. The formula is as follows:

WR™ = aCy + BC, +1C4 (4)
In the equation: WR™ is the calculated whole-rock composition; «, 3, and y
are respectively the mixing—

Fig. 7 Th/U-Th and Th-Sc diagrams of samples

Legend
Surface sediments of the Yarlung Zangbo River
« UCC
China granite
World granite (Ca-rich)
World granite (Ca-poor)
Himalayan leucogranite
Wudangshan granite pegmatite dike
Himalayan orogenic-belt metapelite
Wudangshan granite

Note: China granite data are from Zhang Yigang et al.[~37]; world granite data
are from Turekian et al.["38]; Himalayan leucogranite data are from Guo et
al.["40]; Wudangshan granite pegmatite dike and Wudangshan granite data are
from Wang Haifeng et al.["39]; Himalayan orogenic-belt metapelite data are
from Zeng Lingsen et al.["41].

Fig. 8 La-Th-Sc diagram of samples and related provenances

The proportions of Himalayan leucogranite, Himalayan metamorphic muddy
rock, and Gangdese basement granite calculated from the mixing calculation; C},
C,, and Cj are respectively the average values of the geochemical compositions
of a given element in the three source rocks.

The comparison between the rare earth element model values calculated accord-
ingly and the measured average values of rare earth elements in the Yarlung
Zangbo River is shown in Table 3 and Fig. 9. The percentage changes of the
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three indices dEu, (La/Yb)y, and (Gd/Yb), are all 0. This indicates that Hi-
malayan leucogranite, Himalayan metamorphic muddy rock, and Gangdese base-
ment granite can, through reasonable mixing proportions, accurately reproduce
the three geochemical characteristics of the average composition of the Yarlung
Zangbo River sediments. Individual elements show only low-amplitude varia-
tions of 0.95%-2.66%, indicating that the model performs well in provenance-
mixing simulation. However, some elements among the HREE have relatively
large deviations—such as Er at 36.36%, Lu at 29.14%, and Yb at 22.31%—which
clearly indicates the presence of a non-negligible mineral sorting effect.

Table 3 Measured and modeled rare earth element data of three
provenances and samples

Tab. 3 Measured and modeled rare earth element data of three prove-
nances and samples

Average

value of

surface

Himalayan sedi-

meta- Gangdese ments in

Himalayan morphic base- the

leucogran- muddy ment Yarlung Model-
ite / rock / granite /  Zangbo predicted Percentage

pg-gt pugegt opg-gtt River / value /  change /
Element [40] [41] 39]  pgogt ug-gt %
La 11.99 38.16 12.40 39.83 35.52 10.82
Ce 22.48 76.33 25.92 75.91 70.96 6.53
Pr 2.54 8.54 2.84 9.25 7.94 14.12
Nd 9.75 31.63 9.94 33.45 29.42 12.05
Sm 247 6.27 2.87 6.06 5.90 2.66
Eu 0.36 1.16 0.31 1.06 1.07 0.95
Gd 2.12 5.90 2.46 5.08 5.53 8.71
Tb 0.34 0.94 0.50 0.84 0.89 6.01
Dy 1.83 5.22 3.09 4.16 4.90 17.78
Ho 0.32 1.04 0.63 0.82 0.98 19.17
Er 0.79 3.19 2.11 2.18 2.98 36.36
Tm 0.11 0.46 0.30 0.37 0.43 16.10
Yb 0.70 3.05 2.12 2.33 2.85 22.31
Lu 0.10 0.45 0.33 0.33 0.42 29.14
0Eu 0.49 0.59 0.37 0.58 0.58 0.00
(La/Yb)y  11.25 9.64 4.16 9.68 9.68 0.00
(Gd/YD)y 2.51 1.59 0.97 1.66 1.66 0.00

Fig. 9 Comparison of actual average values and model-predicted val-
ues of REEs in samples
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Because HREE are mainly enriched in high-density accessory minerals—such
as zircon and xenotime—combined with the interpretation of zircon and other
heavy-mineral sorting effects in the Th/Sc-Zr/Sc diagram discussed above, it
can be inferred that the distribution deviations of HREE are mainly derived from
density sorting during river transport. Accessory minerals containing HREE
undergo selective differentiation due to density differences, ultimately causing
their concentrations to deviate from the prediction range of the purely lithologic
mixing model.

4 Conclusions

(1) The surface sediments of the Yarlung Zangbo River have relatively high
>"REE. Overall, they show significant enrichment of LREE and relative
depletion of HREE, while also presenting signals of typical negative Eu
anomalies and no obvious Ce anomalies.

(2) Weathering in the Yarlung Zangbo River basin shows clear spatial differen-
tiation. Overall, the upstream reaches are dominated by physical stripping,
and the system gradually transitions downstream toward dominance by
chemical weathering.

(3) Sorting in the upper reaches of the Yarlung Zangbo River is weak, whereas
sorting in the middle and lower reaches is -

the effect of sorting is strengthened; it is weakened only locally by material-
source input or changes in topography. Correspondingly, the mineral maturity
of the sediments shows an obvious trend of progressively increasing downstream
along the river.

(4) The provenance of the surface sediments of the Yarlung Zangbo River
is dominated by metapelitic rocks of the Himalayan orogenic belt (ac-
counting for 89.7%), with joint contributions from Himalayan leucogranite
(8.3%) and Gangdese basement granite (2.3%). The geochemical model
confirms that mineral sorting has a significant influence on sediment com-
position.
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Evolutionary process of mineral maturity and
provenance tracing of sediments in the Yarlung
Zangbo River
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Abstract: Focusing on the surface sediments of the Yarlung Zangbo River
in the Qinghai-Xizang Plateau, this study analyzes their provenance and evo-
lutionary processes. River sediment samples were systematically collected and
analyzed using high-precision geochemical analytical techniques. Chondrite nor-
malization, along with elemental ratios such as 0Eu, La/Yb, and Rb/Sr, and
multivariate diagrams, were employed to characterize geochemical features, re-
construct evolutionary processes, and determine sediment provenance. The re-
sults show that: (1) The total content of rare earth elements () REE) in this
basin is generally high. The distribution of REEs is characterized by signifi-
cant enrichment of light rare earth elements, a typical negative Eu anomaly,
and no obvious Ce anomaly. (2) There are clear spatial variations in weath-
ering processes across the basin: Physical weathering dominates in the upper
reaches, whereas chemical weathering becomes dominant in the lower reaches.
(3) From the upper to the lower reaches, the mineral sorting of sediments grad-
ually increases, and mineral maturity shows a significant increasing trend. (4)
The geochemical mixing model shows that the provenance of sediments in the
study area is mainly derived from metamorphic argillaceous rocks of the Hi-
malayan orogenic belt (89.7%), with additional contributions from Himalayan
leucogranites (8.3%) and Gangdese batholith granites (2.3%). These results pro-
vide important geochemical evidence for understanding regional tectonic evolu-
tion processes and sediment transport mechanisms.

Keywords: Yarlung Zangbo River; river surface sediments; trace elements;
rare earth elements
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