
Geochemistry and Petrography of the
Sediments From the Marginal Areas of
Qinghai Lake, Northern Tibet Plateau,
China: Implications for Weathering
and Provenance
Huifei Tao1*, Lewei Hao1*, Shutong Li1, Tao Wu2, Zhen Qin1,3 and Junli Qiu1

1Oil and Gas Research Center, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou,
China, 2Research Institute of Exploration and Development, Petrochina Xinjiang Oilfield Company, Karamay, China, 3University of
Chinese Academy of Sciences, Beijing, China

The provenance study of the sediments from Qinghai Lake is of great significance for the
understanding of geological and climatic evolution processes of the Tibet Plateau on the
one hand and for evaluating the controlling factors of the sediment components on the
other hand. The samples were collected from five rivers, foreshore, beach, beach bar, and
aeolian sand dune in the Qinghai Lake. The bulk geochemical composition, petrography,
and mineralogy features of the samples are analyzed. The results show that: 1) Qinghai
Lake sediments experienced low-intensity chemical weathering from the source areas to
the deposition sites and were affected by some recycled detrital materials and 2) the
source rocks for the sediments include felsic rocks (granite, granodiorite, and felsic
volcanic rocks), carbonate, metamorphic rocks (marble and meta-volcanic rocks), and
clastic rocks with the felsic source rocks to have the most important impact on the
chemical compositions of the sediments. The geochemical indicator of Al2O3/TiO2 reflects
that the provenance of fine-grained sediments from the center of Qinghai Lake is more
mafic than the coarse-grained sediments from the margin of the Qinghai Lake, suggesting
that the hydraulic sorting of grain size probably plays an important role in the geochemical
compositions of the sediments. The mafic elements were probably preferentially enriched
in muds.
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INTRODUCTION

Qinghai Lake is the largest inland closed salinized lake, located at the Northern Tibet Plateau
(Figure 1A). The formation of Qinghai Lake was closely associated with the uplift of the Tibet
Plateau. The Qinghai Lake rift valley was declined and the mountains were rapidly uplift because of
the Himalayan movement during the Late Neogene to Holocene (An et al., 2006; Chang et al., 2008).

The thicknesses of the sediments in the southern and northern depressions of Qinghai Lake are
over 700 and 560 m (An et al., 2006). The uninterrupted sediments are sensitive to the changes of
climate and tectonic, making Qinghai Lake a natural laboratory for the study of climate and tectonic
evolution of the Tibet Plateau. There have been a few research projects carried out on Qinghai Lake,
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for example, “Comprehensive survey of Qinghai Lake, 1979”
(Lanzhou Institute of Geology CAS, et al., 1979) and “Qinghai
Lake Environmental Drilling, 2003” (An, 2003). The basement
structures, the geochemical and mineral compositions of the
drilled core and bottom sediments, and water chemical ions of
Qinghai Lake were investigated (Zhang et al., 1994; Liu et al.,
2002; Jin et al., 2009, 2015; Xiao et al., 2012; Zhang et al., 2019;
Song et al., 2020). And the hydroclimate changes were
reconstructed in Qinghai Lake since the last glacial period (Jin
et al., 2009, 2015; Song et al., 2020). However, the previous work
paid more attention to the sediments from the center of the Lake,
while the terrestrial detritus in the margin of Qinghai Lake (main
streams, beach bars, and sand dunes) are less concerned. The
sediments from the margin of Qinghai Lake primarily reflected
the signals of the source areas because the sediments from the
marginal areas are barely affected by the water environment of the
lake without post-depositional diagenesis. Thus, the sediments
from the margin of Qinghai Lake are ideal materials to trace the
source rocks of Qinghai Lake and to evaluate the influence of the
hydraulic sorting.

The concentrations of some elements (e.g., Al, Ti, Th, Sc, Cr,
Co, La, Zr, and Hf) and their ratios and petrography of the
sediments are widely used to trace the provenance of the
siliciclastic rocks (Cullers, 2002; Hofmann et al., 2003; Wanas
and Abdel-Maguid, 2006; Pe-Piper et al., 2008; Lee, 2009;

Armstrong-Altrin et al., 2012; Schneider et al., 2016; Qiu and
Zou., 2020; Rahman et al., 2020). The geochemistry and
mineralogy constituents of the sediments are controlled by the
source rock types, weathering conditions, transportation, and
post-depositional diagenesis processes (McLennan et al., 1993).
The previous research suggested that the physical sorting of
sediment during the processes of transport and deposition
leads to the concentration of quartz and feldspar with some
heavy minerals in the coarse fraction and the secondary lighter
and more weatherable minerals in the suspended-load sediments,
which causes the chemical index of alteration (CIA) increasing
along with decreasing grain-size fractions (Armstrong-Altrin
et al., 2004).

The surface sediments from Qinghai Lake are experiencing
low-intensity chemical conditions because of the cold and dry
climate in the Tibet Plateau (Liu et al., 2002; Chang et al., 2008; Jin
et al., 2009) and diagenesis barely happened. Therefore, the
geochemistry and mineral compositions of the sediments from
Qinghai Lake reflect the features of the source rocks and also can
be used to analyze the influence of the physical sorting. In this
study, elements, minerals, and petrography features are analyzed
for the sediment samples from five main rivers, beach, beach bar,
and sand dune of the Qinghai Lake. Then, the weathering
conditions and source rock types of the provenance were
discussed, and the indicators for the provenance study were

FIGURE 1 | Location of the study area and sampling sites (image modified from Google Earth). (A) Schematic map of the Tibet Plateau and the location of Qinghai
Lake. (B): The surrounding mountains, main rivers, and sampling sites of Qinghai Lake.

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7255532

Tao et al. Geochemistry Petrography Sediments Qinghai Lake

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


also evaluated combined with previous studies and the geological
setting.

GEOLOGICAL SETTING

Qinghai Lake is located at the northern Tibet Plateau (Figure 1A),
the biggest inland lake in China, and it is an enclosed rift lake
constrained by surrounding mountains, approximately diamond-
shaped with a 106 kmNWWdirection long axis and a 63 km short
axis. Its circumference is about 360 km and covers an area over
4,000 km2 with an altitude of ca. 3,200 m. The maximum water
depth of Qinghai Lake is 28.70 m with an average depth of 19.15 m
(Lanzhou Institute of Geology CAS, et al., 1979). Qinghai Lake
belongs to a typical high altitude, cold and arid continental climate,
and less rainfall. The evaporation in Qinghai Lake is greater than
the sum of rainfall and runoff into the lake; thus, the salinity of the
water increases and the area of the lake becomes smaller gradually,
and thewater level and lake area gradually declined to theirminima
in 2004 (Dong et al., 2019). With the increasing of annual rainfall
and temperature, the water body of Qinghai Lake has been
expanded since 2004 (Dong et al., 2019).

Qinghai Lake was formed due to the Late Himalaya neotectonic
movement (Yuan et al., 1990). Before the Middle Pleistocene,
Qinghai Lake was narrow and shallow, as a transit lake of the
Paleo-Buha River to Daotang River, and finally flowed east to the
Yellow River. From the Middle to Late Pleistocene, the basin of
Qinghai Lake continuously fell and the Riyue-Yeniu mountains
uplift in the east, cutting off the connection between the Paleo-Buha
River and the Yellow River. Thus, all the rivers flow into Qinghai
Lake and make it a closed inland lake since the Late Pleistocene.

There are five relatively big and perennial flow rivers
developed in Qinghai Lake (Figure 1B). Three of them (Buha
River, Shaliu River, and Haergai River) are to the northwest of the
lake with another one (Heima River) in the south of and the other
(Daotang River) coming from the southeast. The Daotang River
flows into the lagoon of Erhai located in the southeast of Qinghai
Lake. The Buha River has the biggest runoff and maximum
sediment inputs among all the rivers, occupying ca. 67% of
the total sediment inputs into Qinghai Lake (Li et al., 2010).
Deltas, abandoned channels, alluvial fans, and near-shore
deposits (e.g., beach, beach bars, aeolian dunes, and barrier
islands) develop around the Qinghai Lake.

The Datong Mountain was located to the west and northwest
of Qinghai Lake while the Riyue-Yeniu mountains and Qinghai
South Mountain are situated at the east and south of Qinghai
Lake, respectively (Figure 1B). The drainage of the Buha River is
mainly distributed in the southern DatongMountain and consists
of Silurian granodiorite and monzonite, Lower Silurian meta-
sandstone and slate, and Middle to Late Triassic limestone and
clastic rocks. The Shaliu River runs out of the western Datong
Mountain and flows through the Permian and Triassic marine
siliciclastic rocks and Silurian biotite granite. The Haergai River
originates from the east of the Datong Mountain, where the
Sinian slate, dolomite and clastic rocks, the Cambrian to
Ordovician marble, meta-volcanic and schist, the Silurian
biotite granite, and a few Permian and Jurassic clastic rocks

are cropped out. The water system of the Daotang River
mainly originated from the Riyue-Yeniu mountains, which
consist of Permian granites and Triassic clastic rocks and
limestone. The Heima River comes from the South Qinghai
Mountain, which is mainly composed of Carboniferous clastic
rocks and limestone, Triassic felsic volcanic rocks and clastic
rocks, and Late Triassic granodiorite including many gabbros and
pyroxenite xenoliths (QBGMR, 1991; Chen, 2016).

MATERIALS AND METHODS

Five sand samples were collected from the five relatively big rivers
(Buha River, Shaliu River, Haergai River, Heima River and
Daotang River, marked by BHH, SLH, HEG, HMH, and
DTH) and one sample was collected from the beach close to
an unknown river mouth near the village of Garila to the south of
the lake (marked by GRL). Eight sand samples were collected
from the Erlangjian beach bar to the southeast of the lake (marked
by ELJ1-8), eight sand samples were collected from the beach of
Niaodao (marked by ND1-8), and six sand samples were collected
from the aeolian sand dune to the northeast of the lake (marked
by SD1-6) (Figure 1B).

Thirty-two thin sections were prepared for petrography study.
The unconsolidated sands were immersed by using epoxy resin
and a curing agent on the electric hot plate. When the epoxy resin
was totally soaked into the samples, the samples were transferred
to a 60–70 centigrade oven for 4-5 h to solidify the samples. After
that, the solidified samples were cut into 0.03 mm thick sections.
Fifteen samples from the Erlangjian (ELJ) beach bar and Niaodao
(ND) beach were ground into 200 mesh (<0.075 mm) for X-ray
diffraction (XRD) analysis which was performed on an Empyrean
X-ray diffractometer using Cu Ka radiation at 40 kV and 40 mA.
Each scan was performed from 5° to 45°, with a step interval of
0.02° at a rate of 2.0°/min.

Major elements were determined using X-ray Fluorescence
Spectrometry (XRF) at Lanzhou University. The sample powders
(<0.075 mm) were dried in an oven at 105°C. 4 g of the dry
powdered samples are pressed into a 32 mm diameter pellet using
30-ton pressure using the pressed powder pellet technique. The
briquettes were then stored in desiccators. Calibration curves
were established using the reference materials of rock (GSR01-
GSR12). Analytical uncertainties are ±5% for all major elements
except for P2O5 and MnO (up to ±10%). 40 mg powdered
samples were weighed for trace elements analysis by using
inductively coupled plasma mass spectrometry (ICP-MS, Nu
Attom). The processing and analytical procedures for trace
elements were as described in Li (1997). The precision for
most trace element measurements is estimated to be 5%
according to the analysis of the GSR1 and GSR3 standards.

RESULTS

Petrology and Mineralogy
The results of thin-section observation show that the
mineral compositions of the sands in the Qinghai Lake
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are mainly feldspar, quartz, lithic fragments, biotite, marble,
pyroxene, and hornblende (Figure 2 and Figure 3). The
lithic fragments include carbonate, metamorphic rocks,
granite, volcanic rocks, and fine clastic rocks. The
monocrystalline quartz and feldspar minerals are
ubiquitous in the sediments. However, the types and
proportions of some minerals in the samples from
different sites vary greatly. The sediments of BHH have

the highest polycrystalline quartz contents among all the
sample sites (Figure 2A), whereas the SLH and HEG
samples have abundant granite fragments and a few
metamorphic rocks (Figures 2B,C). The sample HMH
contains relatively high concentrations of pyroxene and
hornblende minerals (Figure 2D), and the sample GRL
shows remarkably high carbonate debris (Figure 2E), and
some biotite minerals present in the sediments of the DTH

FIGURE 2 | Photomicrographs of the sand sediments from the rivers of Qinghai Lake, cross-polarized light. (A) Sands from Buha River (BHH). (B) Sands from
Shaliu River (SLH). (C) Sands from Shaliu River (SLH). (D) Sands from Heima River (HMH). (E) Sands from foreshore near Garila village (GRL). (F) Sands from Daotang
River (DTH). Qm: monocrystalline quartz, Qp: polycrystalline quartz, Lv: volcanic fragment, Lm: metamorphic fragment, Ls: sediment fragment, Gr: granite fragment, Ca:
calcite minerals, Pl: plagioclase, Kf: K-feldspar, Ma: marble, Hb: hornblende, Px: pyroxene, Bt: biotite.
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(Figure 2F). The sediments from the rivers are well-sorted,
except for the sample DTH, and the detrital grains from the
rivers are angular to subangular roundness, whereas the
sample from the beach (GRL) has relatively good sorting
and roundness. Compared with the sediments in the rivers,
the samples in the ELJ beach bar, ND beach, and sand dune
(SD) have more feldspars and fewer lithic fragments
(Figure 3). The mica minerals (including biotite and
muscovite) are commonly seen in the ELJ beach bar and
ND beach samples (Figures 3A–D).

The results of X-ray diffraction analysis of the samples from ELJ
beach bar and ND beach are list in Supplementary Appendix Table
S1. The primary mineral compositions are quartz (31–55%, avg.
43.75%), K-feldspar (5–31%, avg. 12.4%), plagioclase (11–32%, avg.
19.7%), clay (4–20%, avg. 8.4%), calcite (1–8%, avg. 3.8%), dolomite
(1–4%, avg. 2.2%), pyroxene (2–8%, avg. 3.7%), and hornblende
(1–14%, avg. 4.9%) with a few siderite and other minerals. The
significant features are the abundant feldsparminerals that existed in
the area of ELJ beach bar and ND beach with a total feldspar
proportions’ range from 19 to 48%, avg. 32% (Figure 4).

FIGURE 3 | Photomicrographs of the sand sediments from the beach, beach bar, and aeolian sand dune of the Qinghai Lake, cross-polarized light (left), and
plane-polarized light (right). (A, B) Sands from the Niaodao beach (ND). (C, D) Sands from the Erlangjian beach bar (ELJ). (E, F) Sands from the aeolian sand dune (SD).
Qm: monocrystalline quartz, Lv: volcanic fragment, Ls: sediment fragment, Gr: granite fragment, Pl: plagioclase, Kf: K-feldspar, Hb: hornblende, Bt: biotite.

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7255535

Tao et al. Geochemistry Petrography Sediments Qinghai Lake

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Major Elements
Overall, the Upper Continental Crust (UCC) (Rudnick and Gao,
2003) normalized spider diagrams show that the major element
contents of the samples from the rivers and GRL vary greatly,
whereas the major elements of the samples from the ELJ beach

bar, ND beach, and SD are more uniform (Figure 5). Compared
with UCC, most of the samples from the rivers and GRL have
comparable or lower SiO2, TiO2, Al2O3, Fe2O3, MnO, and MgO
and higher CaO, except for sample SLH (Figure 5A). Sample SLH
shows a lack of CaO, which is consistent with the barely observed

FIGURE 4 | Mineral contents of beach (ND) and beach bar (ELJ) sand sediments from Qinghai Lake.

FIGURE 5 | UCC-normalized spider diagrams of major elements for different samples from the Qinghai Lake area. (A) Samples from rivers and GRL foreshore, (B)
samples from Erlangjian beach bar (ELJ), (C) samples from Niaodao beach (ND), and (D) samples from aeolian sand dune (SD), respectively.
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amount of carbonate debris in the thin section (Figure 2B). The
samples from ELJ beach bar and ND beach show similar SiO2 and
Na2O with UCC, but slightly enriched in CaO and K2O and
depletion of TiO2, Al2O3, Fe2O3, MnO, and MgO relative to UCC
(Figures 5B,C). The samples from the SD show nearly the same
SiO2 as UCC, but depletion in TiO2, Al2O3, Fe2O3, MnO, MgO,
Na2O, and K2O in contrast to UCC, except for sample SD-6. SD-6
has a high content of MgO. Two samples (SD-1 and SD-5) have
lower CaO concentrations compared with UCC, whereas other
samples from the SD have relatively higher CaO contents
(Figure 5D). For all the samples, CaO has a statistically high
negative correlation with SiO2 (r � −0.95, p < 0.05, n � 28) but
weak or no correlations with other major elements
(Supplementary Appendix Table S6), suggesting that the CaO
is mainly derived from the carbonate minerals rather than the
silicate minerals (e.g., plagioclase and apatite).

Trace Elements
The selected trace elements of the samples are normalized by UCC
and are shown in Figure 6. Similar to the UCC-normalized patterns
of the major elements, the trace elements from the rivers and GRL
vary significantly, whereas the samples from ELJ beach bar, ND
beach, and SD show high uniform UCC-normalized patterns. The
sample GRL shows a remarkable high Sr concentration relative to
UCC, due to its enriched carbonate minerals. Sample DTH has
relatively high Zr and Hf concentrations, indicating the sediments
are enriched in zircon minerals (Figure 6A). The depletion of trace

elements V, Cr, Co, Ni, Cs, Th, U, Nb, Ta, Cu, Zn, Sc, and Tl formost
samples is probably due to the grain size of sediments being relatively
coarse and lack of fine fractions (Nesbitt et al., 1996). The trace
elements Rb, Sr, and Ga are concentrated in the ELJ beach bar, ND
beach, and SD samples which is possibly related to the enrichment of
K-feldsparminerals (Figures 6B–D). TheUCC-normalized patterns
of the samples of ND beach are a higher degree of uniform than ELJ
beach bar and SD, probably indicating that the ND samples are
influenced by one major source of rocks, whereas the sand samples
from ELJ beach bar and SD are affected by multiple source rocks.

Rare Earth Elements
Compared with UCC (total REE � 148.14 ppm), all the samples
have a lower total REE (22.9–142.8 ppm, avg. 63.2 ppm)
(Supplementary Appendix Table S4). The chondrite-
normalized spider diagrams show that all the samples have
steep light rare earth elements (LREEs) distribution patterns
and relatively flat heavy rare earth elements (HREEs) styles
(Figure 7). The (La/Yb)N values for different samples are
5.9–10.6 with an average of 8.7 for the rivers and GRL, 7.6–12.0
with an average of 10.5 for the ELJ beach bar, 10.6–15.1 with an
average of 12.9 for the ND beach, and 8.2–11.1 with an average of
9.6 for the SD, respectively (Supplementary Appendix Table S4).
Compared with UCC [(La/Yb)N � 10.5], the samples from ND
beach are characterized with a higher degree of REE fractionation,
while the samples from the rivers and GRL define relatively less
fractionated REE patterns. The samples from the rivers and GRL

FIGURE 6 | UCC-normalized trace element patterns for different samples from the Qinghai Lake area. (A) Samples from rivers and GRL foreshore, (B) samples
from Erlangjian beach bar (ELJ), (C) samples from Niaodao beach (ND), and (D) samples from aeolian sand dune (SD), respectively.
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are characterized with negative Eu anomalies (0.64–0.77, avg. 0.70)
(Figure 7A). Nevertheless, the samples fromELJ beach bar andND
beach show positive Eu anomalies (Figures 7B–D), which is
probably due to their high contents of feldspar minerals (Figure 3).

DISCUSSION

Weathering and Sediment Recycling of the
Sediments
During the processes of the sediments transferred from the source
area to the basin, some elements (e.g., Na, K, and Ca) can be easily
dissolved into the water and run away from the sediments, while
some other elements (e.g., Al and Ti) are chemically stable and can
be retained in the residual minerals. The chemical migration abilities
of different elements are closely related to the weathering conditions
that the sediments experienced before reaching the final deposition
sites (Nesbitt et al., 1980; Fedo et al., 1996). The chemical index of
alteration (CIA) is a widely used proxy to evaluate weathering
intensity of the sediments underwent during the whole process
from the source to the basin (Nesbitt and Young, 1982). The CIA is
calculated by using the molecular concentrations of the major
elements, and the formula is defined as CIA � [Al2O3/
(Al2O3+CaO*+Na2O + K2O)]x100, where CaO* represents the
amount in silicates only. The CaO correction law follows the
method proposed by Fedo et al. (1995), in which when CaO <
Na2O, the CaO is used in the CIA formula while when CaO >Na2O,
the CaO in the CIA formula will be replaced by Na2O.

The values of CIA are listed in Supplementary Appendix Table
S7. The CIA of 37 for sample GRL is the lowest among all the
samples, whereas the CIA values for the rivers are slightly greater

than 50, except for sample BHH (42) and the samples from ELJ
beach bar, ND beach, and SD are all between 40 and 50 with a
mean value of 46. Fedo et al. (1995) suggested that CIA � 50–60 is
low-intensity weathering, CIA � 60–80 is intermediate intensity
weathering, and CIA>80 is high-intensity weathering. Therefore,
the CIA values of the samples reflect that the sediments
experienced low-intensity chemical weathering. The CIA values
of the fine-grained Qinghai Lake bottom sediments are 50–59 with
an average of 54 (Jin et al., 2009) and the CIA values of loess
samples from the eastern margin of the lake are 53–66 with an
average of 61 (Zeng et al., 2015) also supporting that the sediments
in the Qinghai Lake underwent a low-intensity weathering. The
climate conditions in the source area around Qinghai Lake are cold
and arid (Xu et al., 2010), which is not beneficial for the strong
chemical weathering (McLennan et al., 1993). The chemical
weathering unstable minerals (e.g., carbonate, plagioclase,
pyroxene, and hornblende) are commonly visible from the thin-
sections observation andXRD results also reflect that the sediments
of Qinghai Lake experienced low-intensity chemical weathering.

Some heavyminerals (e.g., zircons) can be accumulated during
the processes of sediments recycling, which may cause the Zr and
Th elements to increase (McLennan et al., 1993). Since Th is
typically an incompatible element and Sc is typically compatible
in igneous rocks, Th/Sc ratio is an overall indicator of igneous
chemical differentiation processes (Taylor and McLennan, 1985).
Moreover, zircon addition resulting from sediment recycling and
sorting can lead to Th/Sc and Zr/Sc ratios not following the
normal igneous differentiation trend (McLennan et al., 1993).
Therefore, the diagram of Zr/Sc versus Th/Sc is widely used to
assess sediments recycling (McLennan, 1989). On the plot of Zr/
Sc versus Th/Sc (Figure 8A), the sample GRL locates at the trend

FIGURE 7 | Chondrite-normalized REE patterns for different sediments from the Qinghai Lake area. (A) Samples from rivers and GRL foreshore, (B) samples from
Erlangjian beach bar (ELJ), (C) samples from Niaodao beach (ND), and (D) samples from aeolian sand dune (SD), respectively.
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line of zircon addition, and the samples of ELJ beach bar show a
trend of bias to zircon addition, whereas the samples of ND beach
and SD are all clustered along with the source rock variation trend
line and the river samples (BHH, SLH, HEG, DTH, and HMH)
far away from the zircon addition trend line. It means that the
sediments from ND beach, SD, and other river samples are not
affected by the sedimentary recycling but are only controlled by
source rock composition variations. Nevertheless, some recycling
materials with zircon addition may be added to the sediments of
the ELJ beach bar and GRL area.

Main Source Rocks for the Sediments
Petrographic results show the lithic fragments contained in the
sediments mostly carbonate, granite, acid volcanics, siliciclastic
rocks, and a few metamorphic rocks (marble and meta-
volcanics). Moreover, the XRD results reveal that a certain
concentration of calcite, dolomite, pyroxene, and hornblende
exist in the sediments besides abundant quartz and feldspar.
The above petrology and mineralogy evidence indicates that the
source rocks for the Qinghai Lake sediments include at least
carbonates, granites, acid volcanic rocks, recycled clastic rocks,
and some metamorphic rocks.

Because major elements Al and Ti are immobile and have the
lowest solubility in natural water, the ratio of Al2O3/TiO2 is widely
used to evaluate the source rock types of the sediments. According to
Paikaray et al. (2008), the ratio of Al2O3/TiO2 below 10 is considered
as mafic source rocks, whereas the ratios between 10 and 20 are
indicators of intermediate source rocks, and ratios higher than 20
indicate the sediments originated mostly from felsic source rocks. The
ratios of Al2O3/TiO2 for all the samples are greater than 20
(23.7–249.9, avg. 98.8) indicating that felsic rocks are the primary
source rock types. On the plot of Al2O3 versus TiO2 (Figure 8B), most
of the samples distributed in the right area of the granite trend line and
two samples (HEG and DTH) locate at the area bias to granodiorite
line, suggesting that the source rocks are mainly felsic but affected by
some intermediate rocks or enriched in titanium minerals.

The ratios of Al2O3/TiO2 of the samples from different sites vary
greatly. The samples from the rivers and GRL have the lowest Al2O3/
TiO2 values (23.7–54.9, avg. 38.9) among all the samples, whereas the
samples from the ELJ beach bar have the highest Al2O3/TiO2 ratios
(86.8–249.9, avg. 183.8), and the Al2O3/TiO2 values of the samples
from ND beach and SD are between the former two sample sites
(Supplementary Appendix Table S7). The differences among these
sample sites are controlled by the variation of source rock lithic
fragments. The thin sections show that the sediments from the rivers
and GRL contain the highest contents of source rock lithic fragments,
whereas the lithic fragments are few in the samples from the ELJ
beach bar (Figure 3B). Furthermore, fine-grained minerals are rarely
present in the sediments because of the strong hydraulic conditions.
The mafic minerals are preferentially accumulated in fine sands and
muds resulting in higher abundances of TiO2 and FeO in the fine-
grained sediments but sand sediments depletion of TiO2 and FeO
(Nesbitt et al., 1996). Therefore, the Al2O3/TiO2 ratios of sand would
reflect more felsic source rock types. In contrast, the values of Al2O3/
TiO2 of mud sediments will result in an overestimation of the mafic
contribution from source rocks (Nesbitt et al., 1996). For a well
understanding of the source rock types, the chemical compositions of
simultaneous sand and mud sediments should be taken into account
together (Nesbitt et al., 1996). The chemical compositions of fine-
grained bottom sediments in Qinghai Lake are referred to by Jin et al.
(2009). The Al2O3/TiO2 of the bottom sediments in Qinghai Lake are
20.2–23.8, with an average of 22.1 (Jin et al., 2009), also indicating that
the source rock types aremainly felsic rocks. In addition, the TiO2 are
highly positively correlatedwith Fe2O3 (r� 0.93, p< 0.05, n � 28), Nb
(r� 0.88, p< 0.05, n� 28), Ta (r� 0.86, p< 0.05, n� 28), Zr (r� 0.90,
p < 0.05, n � 28), and Hf (r � 0.90, p < 0.05, n � 28), suggesting that
the ilmenite is probably one of the forming minerals for the felsic
source rocks.

The trace elements of La, Th, Zr, Hf, Sc, Cr, and Co are
geochemically conservative during the surficial processes. La, Th, Zr,
and Hf are enriched in felsic rocks. The Sc, Cr, and Co are enriched in
mafic rocks. Thus, the ratios of La/Sc, Co/Th, Zr/Sc, and Th/Sc are

FIGURE 8 | Source rock discrimination plots for the sand sediments. (A) Plot of Zr/Sc versus Th/Sc. ELJ and GRL samples show some recycled detrital materials
addition, and most of the source rocks are mainly felsic rock. (B) Plot of Al2O3 versus TiO2. The data points reflect granites source rocks.
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widely applied to discriminate the source rock types of clastic
sediments. For most of the samples, the ratios of Zr/Sc (avg. 21.38),
Th/Sc (avg. 1.01), and La/Sc (avg. 3.72) are higher than those of UCC
(13.79, 0.75, and 2.21, respectively) while the Co/Th (avg. 0.88) is lower
than UCC (1.65), except for samples GRL, HMH, ELJ-1, and ELJ-7,
indicating that the samples’ source rocks aremore felsic thanUCC.The
Zr/Sc ratio of sample GRL (Zr/Sc � 13.18) is slightly lower than UCC
probably due to the dilution of high contents of carbonate minerals.
The sample HMH has the highest Sc, Cr, and Co concentrations
among all the samples (Supplementary Appendix Table S4), resulting
in lower ratios of Zr/Sc (7.93), Th/Sc (0.31), and La/Sc (1.05) and a
higher ratio ofCo/Th (1.86) than those ofUCC,which suggests that the
source rocks of the HMH sediments are more mafic than UCC. The
thin section shows that the HMH sediments contain abundant mafic
minerals (pyroxene and hornblende) (Figure 2D), which should be the
primary reason for the enrichment in Sc, Cr, and Co. The ratios of Zr/
Sc, Th/Sc, La/Sc, and Co/Th of the two samples ELJ-1 and ELJ-7 also
reflect the influences of mafic minerals (hornblende), which can be
seen in the thin section (Figures 3C,D). The mafic materials in the
samples ELJ-1 and ELJ-7 should be brought in by the Hema River,
which is themaficmaterials input water system and the nearest river to
the ELJ beach bar (Figure 1B).

Implications for the Provenance
The main source rock types for the Qinghai Lake sediments are
considered to be felsic rocks according to the bulk geochemical
compositions. Integrating with the petrology and mineralogy
evidence, a few specific details of the source rocks could be
figured out. For example, the marble is one of the source rocks
for the sediments from the Haergai River (HEG) according to the
thin-section observation; thus, the relatively high CaO content
(8.83 wt%) is caused by the marble minerals rather than
carbonates. However, the high CaO content (8.65 wt%) in the
Buha River (BHH) can explain the existence of carbonate in the
source area according to the thin-section observation and petrology
analysis. A large amount of biotite and a few hornblende and
pyroxene minerals can be observed in the sediments of ELJ
beach bar and ND beach, probably indicating that the felsic
source rocks are biotite granite or granodiorite with a few basic rocks.

The provenance inferred from the geochemical indicators
(Al2O3/TiO2, La/Sc, Co/Th, Zr/Sc, and Th/Sc) and petrographic
and mineral evidence of the sediments are felsic rocks (granite,
granodiorite, and felsic volcanic), carbonate, marble, and a few
kinds of basic rocks, which are consistent with the rock types
distributed in the mountains around Qinghai Lake (QBGMR,
1991). Nevertheless, the grain sizes of the samples of this study
are all relatively coarse representing high hydraulic sorting, which
may have an important influence on the geochemical and mineral
compositions of the sediments. Previous research suggested that
the mafic elements are preferentially enriched in fine-grained
sediments (Nesbitt et al., 1996).

CONCLUSION

In this study, the petrology, mineralogy, and bulk geochemical
compositions of sand sediments from the five main rivers and

shore-land (beach bar, beach, and aeolian sand dune) of the
Qinghai Lake are analyzed. The provenance of the sediments
from Qinghai Lake is as follows: 1) the sediments from Qinghai
Lake have undergone low-intensity weathering of mostly one
single recycling and 2) the source rock types are mainly felsic
rocks (granite, granodiorite, and felsic volcanics), carbonate,
metamorphic rocks (marble and meta-volcanic rocks), and
siliciclastic rocks.

From this work, it can be noted that the indicators of bulk
geochemical compositions are useful tools to investigate the
source rocks. The petrology of sands can provide some specific
and direct evidence for the source rocks. However, the source
rock types may be deviated caused by hydraulic sorting if
according to only one of the above methods. Thus, the
provenance study of the sediments should integrate multiple
methods and sediments of all grain sizes (sand, silt, and mud)
should be analyzed as far as possible.
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