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Detrital single-mineral geochemistry and geochronology are strong tools in provenance studies and indicate great
potentials in addressing issues in earth sciences. Various biases (both natural and artificial) exist objectively and
maymislead provenance interpretations. Both the sedimentary sorting process and hand-picking in-laboratory pro-
cessingmay lead to analyzed grain textural (e.g., size and shape) variability and thusmay introduce biases in single-
mineral provenance analysis. Here,we take theMesozoic–CenozoicQaidambasin, northeastern Tibet, as an example
to investigate the relationshipbetween single-mineral grain texture anddetrital zircongeochronological anddetrital
tourmaline, rutile and garnet geochemical data and to explain howgrain texture affects detrital single-mineral prov-
enance interpretations. Results indicate that Precambrian zircons take less proportions in coarse (>125 μm),
subrounded and high aspect ratio (>2) fractions than Phanerozoic zircons. Parent rock lithology discrimination re-
sults of detrital tourmaline and garnet in different grain size fractions show significant differences. Zr-temperature
values of detrital rutile have an increasing trendwith increasing grain size. The geochemistry of detrital tourmaline,
rutile and garnet shows no dependence with grain aspect ratio and roundness.We suggest that inheritance of grain
texture features fromparent rocks is themajor reason. Detrital zircons from recycled (meta)sedimentary rocks tend
to be smaller and more rounded than those from igneous rocks. Detrital tourmaline, rutile and garnet grains from
different parent rock types vary in size. Grain textural biasmay cause the underestimated contributions of the Qilian
Shan to the Cenozoic Qaidam basin if small detrital zircons were not involved in the analysis. Quantitative descrip-
tion of the source-to-sink system of the Cenozoic Qaidam is also influenced by grain textural bias. This study
highlights the underestimated grain textural bias in single-mineral provenance studies. We suggest that a compre-
hensive understanding of potential sedimentary sources, depositional processes, sample petrographic features and
laboratory analysis procedures is important to reliable provenance interpretations and to related implications in
earth sciences.
© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar tech-

nologies.
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1. Introduction

Sedimentary provenance is a crucial topic in earth science studies
and has extensive applications in a variety of fields, including but not
limited to plate tectonics, paleoclimatology, sedimentary geology, pe-
troleum geology and early Earth evolution studies (Dickinson, 1985;
Cawood et al., 2003; Weltje and von Eynatten, 2004; Nie et al., 2012;
Caracciolo, 2020). Provenance does not only refer to sediment source
terranes and parent rock lithologies but also involves various complex
physiochemical modifications during sediment generation, dispersal,
deposition and diagenesis processes (Johnsson, 1993; Weltje and von
Eynatten, 2004;Weltje, 2012).Weathering, topography, climatic condi-
tion, tectonic activity, transport agent type, hydraulic sorting, recycling,
cluding those for text and data minin
abrasion, compaction, diagenetic fluid andmany other factors may con-
tribute to the formation of detrital products and thus leave fingerprints
in sediments and sedimentary rocks (Morton et al., 2005; Garzanti et al.,
2008, 2009, 2018; Caracciolo, 2020).

Since the late 19th century, a growingnumber of tools have been ap-
plied in analyzing sediment and sedimentary rock and in unraveling
sedimentary provenance (Sorby, 1880; Henry and Guidotti, 1985;
Pettijohn et al., 1987; Weltje and von Eynatten, 2004, and references
therein). Traditional methods, such as sandstone framework composi-
tion, accessory mineral assemblages, clay mineralogy, bulk geochemis-
try and isotopic geochemistry, were widely used for reconstructing
detrital parent rock lithologies and tectonic settings of the source area
(Chayes, 1949; Griffiths, 1967; McBride, 1963; Folk, 1968; Dickinson,
1970, 1985; Dickinson and Suczek, 1979; Bhatia, 1983; Bhatia and
Crook, 1986; McLennan et al., 1993; Taylor andMcLennan, 1995). How-
ever, these approaches based on bulk samples or specific grain-sizewin-
dow analysis have limitations in some cases, like 1) when sediments
g, AI training, and similar technologies.
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represent mixing products of multiple sources (Jian et al., 2013b;
Garzanti et al., 2014), precisely discriminating contributions fromdiffer-
ent sources via these approaches is difficult; 2) hydraulic sorting may
filter relevant signals from parent rocks and affect mineral and elemen-
tal compositions of sediments (Garzanti et al., 2008, 2009; von Eynatten
et al., 2012); and 3) intensive weathering or diagenesis processes alter
sediment compositions (Nie et al., 2012; Garzanti et al., 2018).

In contrast to bulk analysis, elemental or isotopic composition of sin-
gle grains of a single-mineral phase is assumed to be rarely fractioned
due to mechanical and chemical processes, especially for stable detrital
minerals. Individual mineral-phase variability is helpful to identify con-
tributions from multiple sources (von Eynatten and Dunkl, 2012). In
recent decades, in-situ single mineral-based provenance analysis got
fast developed with availability of sophisticated techniques, such as
the sensitive high-resolution ion microprobe (SHRIMP), laser ablation
inductively-coupled plasma mass spectrometry (LA-ICP-MS) and sec-
ondary ion mass spectrometry (SIMS; Mange and Morton, 2007;
Meinhold et al., 2008; von Eynatten and Dunkl, 2012). Based on those,
in-situ analysis not only obtains high-resolution elemental and isotopic
compositions of any detrital minerals, but also provides benefits for
avoidingweathered or diagenetically altered detrital grains. Both acces-
soryminerals (e.g., zircon, tourmaline, rutile, garnet, spinel, apatite, am-
phibole) and framework grains (e.g., quartz, feldspar) from siliciclastic
sediments can be targeted for single-grain provenance analysis
(Morton, 1985, 1991; Clift et al., 2001; von Eynatten and Dunkl, 2012;
Blowick et al., 2019). Compared with weathering-sensitive feldspar
and chemically-invariable quartz, some stable accessory minerals,
such as zircon, tourmaline, rutile and garnet, have diverse chemical
compositions and demonstrate great potentials in tracing sediment
provenance (von Eynatten and Dunkl, 2012; Hu et al., 2016; Deng
et al., 2017; Zoleikhaei et al., 2021). Various geochemical and/or geo-
chronological indexes of these four minerals have been widely used in
provenance studies (Table 1; see details in Appendix B), such as zircon
U–Pb geochronology for source terrane tectono-magmatic history
(Gehrels, 2014), and tourmaline, rutile and garnet element geochemis-
try for parent rock lithology discrimination (Henry and Guidotti, 1985;
Mange and Morton, 2007; Triebold et al., 2012). Furthermore, some
new provenance-indicators of these four minerals have been proposed
and developed in recent years providing deep understanding in
single-mineral provenance analysis (Table 1; Tolosana-Delgado et al.,
2018; Guo et al., 2021; Schönig et al., 2021; Hu et al., 2023;
Triantafyllou et al., 2023).

Many natural processes potentially introduce biases in single-
mineral provenance analysis (Malusà et al., 2013; Chew et al., 2020;
Guo et al., 2020; Caracciolo et al., 2021). Hydraulic sorting is a common
source of bias because of differential settling of clastic grains depending
on their grain size, shape and density (Rubey, 1933; Garzanti et al.,
Table 1
Basic description of zircon, tourmaline, rutile and garnet and related provenance indicators.

Zircon Tourmaline

General formula Zr[SiO4] XY3Z6(BO3)Si6O18(OH
Crystal system Tetragonal system Trigonal system
Potential sources Intermediate–medium igneous rocks Granitoids

Medium–high grade metamorphic rocks Pegmatites
Recycled sedimentary rocks Aplites

Metasedimentary roc
Hydrothermal deposi

Provenance indicators U–Th–Pb geochronology Major elements
Hf and O isotope B isotope
Ti-in-zircon thermometer
Eu anomalies
Fission-track thermochronology
(U–Th)/He thermochronology
REE and trace elements

a X for Na, Ca, K or vacancy; Y for Mg, Fe, Mn, Al, or Li; Z for Al, Mg, Fe, Cr or V.
b X for Mg, Fe2+, Mn, or Ca; Y for Al, Cr, Ti, orFe3+.
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2009; Deal et al., 2023). According to the settling-equivalence principle,
coarse and low-density grains tend to be deposited with fine dense
grains. This causes composition variability in sediments under different
energy conditionswith identical sources (Garzanti et al., 2008). Mineral
fertility variation is also considered as a major source of bias (Malusà
et al., 2016; Chew et al., 2020). Using zircon as an example, the amounts
of zircon grains yielding from different parent rocks could differ by or-
ders of magnitude (Dickinson, 2008; Malusà et al., 2016). Similarly,
erosion-rate variation among catchments, which are affected by litholo-
gies (sedimentary rocks vs igneous rocks vs metamorphic rocks), tec-
tonic activity (active vs inactive), climate (arid vs humid) and
geomorphology (steep vs flat), is also a source of bias (Harel et al.,
2016; Malusà et al., 2009; Resentini et al., 2017; Caracciolo, 2020). Dia-
genesis bias is also common in deep-time sedimentary provenance
analysis because mineral suites can change due to different composi-
tions of fluid and selected dilution of relatively unstable minerals
under increasing pressure–temperature conditions (Morton and
Hallsworth, 2007; Garzanti et al., 2018). In addition, intrinsic properties
of mineral grains could lead to specific selection. For example, zircon
grains with high U contents can cause radiation damage which leads a
grain to become metamict and thus fragile in weathering processes
(Malusà et al., 2013). Analytical biases during sampling, laboratory pro-
cedures and data handling are commonly realized, but often subjec-
tively ignored and little quantitatively described (Andersen, 2002;
Sircombe and Stern, 2002; Vermeesch, 2004, 2012; Andersen et al.,
2019).

Grain texture (such as grain size, roundness and aspect ratio) has
been found to potentially introduce bias in single-mineral provenance
analysis in many ways (Yang et al., 2012; Chew et al., 2020; Leary
et al., 2020; Castillo et al., 2022; Zutterkirch et al., 2022; Feil et al.,
2024). Firstly, the grain texture effect is commonly noticed due to the
vital role in hydraulic sorting (Lawrence et al., 2011; Malusà et al.,
2013; Muhlbauer et al., 2017). If mineral geochronology or geochemis-
try is related to grain texture, sediments from a specific source with dif-
ferent grain texture may vary largely in chemical composition or age
populations (e.g., Lawrence et al., 2011). Secondly, grain texture
inherited from different parent rocks may be distinct (Krippner et al.,
2015; Liang et al., 2023; Feil et al., 2024). Handpicking or handling of
sample during in-laboratory processes may be preferential for specific
grain texture (Chew et al., 2020; Dröllner et al., 2021; Zutterkirch
et al., 2022). Many studies have noticed the influence of grain size and
have tested whether grain size influences the single-mineral prove-
nance analysis results by comparing features of grains within different
sizes (e.g., Viator, 2003; von Eynatten et al., 2005; Yang et al., 2012;
Malusà et al., 2013; Krippner et al., 2016; Cantine et al., 2021). However,
the relationship between grain size and single-mineral provenance in-
terpretation remains controversial. In some cases, detrital zircon U–Pb
Rutile Garnet

)4a TiO2 X3Y2(SiO4)3b

Tetragonal system Cubic system
Granites Low–high grade metamorphic rocks
Pegmatites Igneous rocks
Medium–high grade metamorphic rocks Ultramafic rocks

ks Recycled sedimentary rocks
ts

Trace elements Major elements
Zr-temperature Trace elements
U–Pb geochronology Sm–Nd geochronology
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age distributions as well as garnet geochemical data were found to be
related to grain size (e.g., Viator, 2003; Lawrence et al., 2011; Yang
et al., 2012; Krippner et al., 2015), while some cases concluded a differ-
ent opinion (e.g., von Eynatten et al., 2005; Malusà et al., 2013;
Muhlbauer et al., 2017). Compared to grain size, the influence of aspect
ratio and roundness is scarcely discussed (Malusà et al., 2013;
Muhlbauer et al., 2017; Leary et al., 2020; Castillo et al., 2022), which
may be due to the lack of commonly-used quantitative methods.
Based on the investigation of detrital zircon U–Pb ages from themodern
European rivers, it is found that zircon grains with young ages are com-
paratively abundant in the high aspect ratio fraction (Malusà et al.,
2013; Castillo et al., 2022). Overall, the role of grain texture in single-
mineral provenance analysis still needs further discussion.

The Qaidam basin, located in the northern Tibetan plateau, represents
a large intermountain basin bounded by the Qilian Shan, East Kunlun
Shan and Altyn Shan (Fig. 1) and holds thick sedimentary records sup-
plied by adjacent mountains. Because the northern and eastern parts of
the Qaidam basin are mainly fed by the Qilian Shan (Jian et al., 2013a)
which contains diverse igneous and metamorphic rocks (contributing
abundant zircon, tourmaline, rutile and garnet grains (Jian et al.,
2013a)), this region can be an ideal area to investigate potential grain tex-
tural bias in detrital single-mineral provenance interpretation. In this
study, we take the northern and eastern Mesozoic–Cenozoic Qaidam
basin as an example, targeting detrital zircon, tourmaline, rutile and gar-
net, to integrate published geochronological and geochemical data and to
quantify detrital grain textural parameters (grain size, aspect ratio, round-
ness). The aims are to 1) explore the relationship between detrital grain
textural features and geochronological and geochemical data and 2) try
to explain how grain texture affects detrital single-mineral provenance
interpretations.

2. Geological setting

The Qaidam basin contains 3–16 km thick Mesozoic and Cenozoic
sedimentary successions and covers approximately 120,000 km2

(Zhuang et al., 2011; Jian et al., 2013b, 2020). The Mesozoic sedimen-
tary successions of the Qaidam basin are commonly divided into six
Qaidam B

Altyn Shan

Xorkol Basin

Kumkol Basin

Qimen Tagh

Fig. 1. Geological map (A) and locations (B) of the Qaidam basin (modified from Lu et al., 2019
Xiangyang section; YK: Yuka section; DHG: Dahonggou section; HS: Hongshan section; DMG:
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stratigraphic units, as shown in Fig. 2. Mesozoic strata in the eastern
and northernQaidambasin are regarded to accumulate influvial and al-
luvial environments (Wu et al., 2011), characterized by sandstone–
mudstone suits and red conglomerates. The Cenozoic strata in the
northern Qaidam basin are commonly divided into seven units (Fig. 2)
andweremainly deposited in fluvial and lacustrine depositional environ-
ments. These strata mainly contain fine-coarse sandstones with some
conglomerates and generally display coarse (Lulehe formation)–fine
(Xia Ganchaigou–Shang Youshashan formation)–coarse (Shizigou and
Qigequan formation) grained changes in ascending order (Jian et al.,
2023), revealing temporal variations in sedimentary environments.

The Qilian, Altyn, and East Kunlun Mountains surround the Qaidam
basin (Fig. 1) and are considered the source areas for the Qaidam
basin. The Qilian Shan is mainly composed of the Precambrian to
Lower Paleozoic metamorphic rocks, early Paleozoic granitic rocks, ma-
rine sedimentary strata as well as a small amount of ophiolitic suites
(Fig. 1A; Gehrels et al., 2003; Jian et al., 2013a; Song et al., 2013, 2014;
Zhang et al., 2020). The East Kunlun Shan mainly consists of the Early
Cambrian to Early Devonian and Late Permian–Triassic granitoid plu-
tons and Devonian to Early Triassic marine sedimentary rocks (Dai
et al., 2013; Huang et al., 2014; Jian et al., 2018). The Altyn Shan mainly
hosts Ordovician metasedimentary rocks, Jurassic sedimentary rocks,
and Paleozoic and Mesozoic granite rocks (Yang et al., 2006;
Mattinson et al., 2010; Jian et al., 2013a).

Provenance of the Mesozoic and Cenozoic deposits in the Qaidam
basin has been discussed in numerous studies via various methods
(e.g., Ritts and Biffi, 2001; Rieser et al., 2005; Jian et al., 2013a, 2013b;
Bush et al., 2016; Cheng et al., 2016; Bao et al., 2019; Yan et al., 2024).
Based on the paleocurrent orientation, petrographic analysis, single-
mineral geochronology and geochemistry, the sandstones in the north-
ern and eastern Qaidam basin are proposed to bemainly contributed by
the nearby Qilian Shan (Rieser et al., 2005; Jian et al., 2013a, 2013b,
2024; McRivette et al., 2019; Sun et al., 2020; He et al., 2021). Jian
et al. (2013a) further divided the northern and eastern Qaidam into
three depositional areas with different contributions from various
grades of metasedimentary rocks and intermediate-acidic igneous
rocks within the Qilian Shan. The temporal variations of provenance of
asin

Qilian Shan

East Kunlun Shan

). Abbreviations: YCG: Yingchaogou section; JLS: Jielvsu section; LLH: Lulehe section; XY:
Dameigou section; WGX: Wanggaxiu section.

move_f0005
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E1-2-01

L87-02

LQ1-05

S81-01

L87-09
K2-03

MB1-04

X9-01

B1-05

LQ1-05

L1-05

B1-05

X9-01

B1-01

Fig. 2. Mesozoic and Cenozoic stratigraphy framework, depositional environment and lithological description of the Qaidam basin.
(Modified from Jian et al. (2013b).)
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the Cenozoic Qaidam basin are caused by the variable contributions
from different micro-terranes in the Qilian Shan, which is not only re-
lated to tectonic evolution of the source area, but also to lithology het-
erogeneity of source terranes, recycling, hydrodynamic sorting and
sedimentary environment (Jian et al., 2024).

3. Samples and methods

Thirty-oneMesozoic–Cenozoic sandstone samples from 7 boreholes
and 8 outcrops in the northern Qaidam basin were selected for detrital
single-mineral provenance analysis and grain texture measurement
(Figs. 1–2). Twelve Cenozoic samples were used for detrital zircon U–
Pb geochronology analysis, and U–Pb ages and grain size and aspect
ratio data were published (Jian et al., 2023, 2024). Seven Cenozoic sam-
ples were used for detrital tourmaline geochemistry analysis (Fig. 2;
samples X9-01, B1-01, YCG-08 and YCG-17 were reported in Jian et al.,
2013a). Detrital rutile grains were from seven Mesozoic samples to ob-
tain trace-element composition (new data in this study). Detrital garnet
grains were selected from sixteen Cenozoic and one Mesozoic samples
for obtaining major-element composition (reported in Jian et al.,
2013a except sample S85-01). Roundness of analyzed zircon grains
and grain textural data of detrital tourmaline, rutile and garnet were
not published. Partial samples were previously analyzed for petro-
graphic and heavy mineral assemblages (Jian et al., 2013a; Table S1 in
Appendix A). All samples are fine- to coarse-grained sandstone and
are poorly–moderately sorted, with mainly angular to subangular
grains, dominated by quartz and (meta)sedimentary lithic fragments
(Jian et al., 2013a, 2013b, 2023; Table S1). Garnet dominates the trans-
parent heavy-mineral fraction in most samples (7.6–48.5 %; Table S1);
zircon, tourmaline and rutile are subordinate components (<10 %; Jian
et al., 2013a).
4

All detrital grains were first randomly handpicked from sand-
stone samples under a microscope, then fixed on the target by
epoxy resins, grounded, and polished for subsequent analysis. The
heavy mineral separation was described by Jian et al. (2013a). All
grains were first pictured under a polarizing microscope for grain
textural feature measurements. Grains with apparent fresh fracture
which may be caused by anthropogenic breaking were excluded.
Detrital zircon U–Pb geochronological analyses were performed at
Nanjing Normal University (samples LLH-30, DHG-04 and HS-05;
using an Agilent 7500a ICP-MS equipped with a New Wave 213-nm
laser) and Peking University (remaining 9 samples; using an Agilent
7500a ICP-MS coupled with a 193-nm laser). The ablation pit depth
was 20–40 μm with a 32 μm diameter beam carried by helium gas.
Plešovice (337 Ma) and 91500 (1062 Ma) were simultaneously mea-
sured as standard reference materials for U–Th–Pb geochronology and
other trace elements. Isotopic ratios were subsequently calculated by
the GLITTER software and common-Pb was corrected by the method
proposed by Andersen (2002). After initial-Pb correction, 207Pb/206Pb
ratios were adopted for grains older than 1000 Ma, whereas
206Pb/238U ratios were adopted for grains younger than 1000 Ma. Data
with precision > ±10 % and discordance >±10 % were omitted in fur-
ther discussion. Themajor elemental geochemistry of detrital garnet and
tourmalinewas obtained at PekingUniversity using a JEOL JXA 8100 Elec-
tron Probe Microanalyzer. Analytical conditions were at 15 kV accelerat-
ing voltage with a 10 nA focused beam current and 1 μm diameter
beam for all the elements (detailed operation and calibration refer to
Song et al., 2007; Zhang et al., 2008). The trace-elemental data of detrital
rutile were obtained by using a LA-ICP-MS at Peking University. The ana-
lytical conditions are 44 μmdiameter beam, 20–40 μm ablation pit depth
and helium gas carrier. NIST SRM 610 was employed as the standard for
instrument calibration.
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The grain sizes of grains were represented by the equivalent spherical
diameter (nominal diameter, Garzanti et al., 2008), based on transmitted-
light photomicrographs of the grains after mounting and polishing. The
longest axis of a grain is regarded as the length (X) and its perpendicular
and bisected axis is the width (Y), and the third axis (Z) is assumed to be
the same as the width. The grain size of each grain equals (X · Y · Z)1/3

(Lawrence et al., 2011). The aspect ratio (defined as length/width ratio)
calculation is to quantify the shape of each grain. Roundness of a mineral
grain is defined as the average radius of curvature of all corners of the
grain in one section divided by the radius of the largest inscribed circle
in that section (Wadell, 1932). The Matlab script of Resentini et al.
(2018) was used for automatically obtaining grain roundness values
that correspond to six roundness grades: very angular (0.12–0.17), angu-
lar (0.17–0.25), subangular (0.25–0.35), subrounded (0.35–0.49),
rounded (0.49–0.7), and well rounded (0.7–1.0).

Detrital zircon U–Pb geochronological data were processed by the
DensityPlotter program (Vermeesch, 2012) and IsoplotR program
(Vermeesch, 2018) to obtain U–Pb age Kernel Density Estimation
plots and cumulative age distributions (CAD). The provenance interpre-
tations of detrital tourmaline geochemical data were followed by the
Al–Fe(tot)–Mg ternary discrimination diagram (Henry and Guidotti,
1985). Several distinct regions can be defined for tourmaline from dif-
ferent rocks, including Li-poor granite, Li-rich granite, Fe-rich granite,
metasedimentary rocks (metapelite or metapsammite), Fe-rich rocks,
metacarbonates and low-Ca ultramafic rocks. Parent rock lithology dis-
criminations of detrital rutile were based on the Cr–Nb diagram
(Meinhold et al., 2008), which classifies rutile frommetamafic and me-
tapelitic rock. The calculation of Zr-in-rutile followed the formula in the
α-quartz field from Tomkins et al. (2007). Garnet geochemical data
were recalculated to six end-members (pyrope, almandine, spessartine,
grossular, andradite, uvarovite). Two parent rock lithology discrimina-
tionmethodswere used for detrital garnet major-element composition.
One is the Mg–Fe2+ + Mn–Ca (i.e., pyrope-almandine + spessartine-
grossular + andradite) ternary diagram proposed by Mange and
Morton (2007). This diagram is divided into five fields for garnet from
different rocks, including granulite-facies and amphibolite-facies
metasedimentary rocks, intermediate-acidic igneous rocks, meta-basic
rocks, and metasomatic rocks. The other is a hierarchical scheme
based on the major element composition of garnet which gives the
probabilities of the parent rock (including five types: eclogite-facies,
amphibolite-facies and granulite-facies metamorphic rocks, ultramafic
rocks and igneous rocks; Tolosana-Delgado et al., 2018).

The Kolmogorov–Smirnov (K–S) test was used to evaluate the dis-
similarity of detrital zircon U–Pb age distributions of different fractions
following the formula of Vermeesch (2013) and Malusà et al. (2013).
The significance level α was 0.05. The test results were described by
the VK–S value, i.e., if VK–S > 0, differences between two distributions
are not statistically significant; otherwise, two curves are statistically
different. Pearson's chi-squared test, a statistical hypothesis test used
to examinewhether two categorical variables are independent, was ap-
plied for identifying whether the parent rock lithology distribution dif-
ferences of detrital tourmaline, rutile and garnet are dependent on grain
texture. Fractions that have the number of grains smaller than 40 were
not involved in the statistical test. The null hypothesis, i.e., two variables
(parent rock lithology and grain texture) are independent,was accepted
when the p-value is >0.05.

4. Results

4.1. Detrital zircon

A total of 1000 detrital zircon U–Pb ages were obtained. The U–Pb
ages include two dominating Phanerozoic age groups, i.e., 350–500
Ma (40 %) and 200–350 Ma (20 %), and three subordinate Precambrian
age groups, i.e., 700–1100 Ma (18 %), 1500–2150 Ma (13 %) and
2300–2950Ma (9 %) (Fig. S1A in Appendix B). The grain size and aspect
5

ratio of all the dating grainsweremeasured, and roundness quantitative
data of 317 grains from four samples (L87-09, LQ1-05, YCG-20, E1-2-01)
were obtained. The analyzed detrital zircon grains cover a size range
from 32 to 239 μm, with 79 % very fine sand grains (63–125 μm;
Figs. 3–4). Zircons larger than 125 μm only take about 13 % of all zircon
grains and another 18 % are within 32–63 μm (Fig. 4A). Analyzed grains
were divided into three fractions based on aspect ratio data, including
aspect ratios of 1–1.5 (51 %), 1.5–2 (34 %) and >2 (15 %; Fig. 4C).
Rounded zircon grains are dominant and make up 62 % of all grains,
with the subordinate subrounded fraction (31 %) and minor well
rounded fraction (7 %; Fig. 4B).

Detrital zircon grains from the three grain size fractions show signifi-
cant variation of U–Pb age distributions with a negative VK–S value
between 125–250 μmand other two fractions (Figs. 5–6). The proportion
of Precambrian zircon grains (>540Ma)decreases from45% in the32–63
μm fraction to 39 % in 63–125 μm and 25 % in 125–250 μm fractions
(Fig. 5A–B). Significant differences are found among zircon U–Pb age dis-
tributions of three aspect ratio fractions (all threeVK–S values<0; Figs. 5C,
6B). The proportions of young 200–350Ma zircon grains increasewith in-
creasing aspect ratio,while old 1500–2150Ma and2300–2950Magroups
decrease (Fig. 5C–D). The difference between age distributions of two
major roundness fractions is not significant (VK–S > 0; Fig. 6B), but the
proportion of 200–350 Ma is decreasing from subrounded (31 %) to
rounded (25 %) and well rounded (18 %; Fig. 5E).

4.2. Detrital tourmaline

A total of 263 detrital tourmaline geochemical data from seven sam-
ples were analyzed. In the Al–Fe–Mg ternary diagram, about 72 % of all
the analyzed tourmalines have Al/(Al + Fe + Mg) values above 33 %
and Mg/(Al + Fe + Mg) values above 26 % which are from
metasedimentary (metapelites or metapsammites) rocks (Fig. 7;
Table S3). Tourmaline grains with Mg/(Al + Fe + Mg) values below
26 % (classified as granite-sourced tourmaline) are subordinate compo-
nents (25 %) and Fe-rich rock-sourced tourmaline grains only take 3 %
(Fig. 7). The grain size and aspect ratio of all analyzed tourmaline grains
weremeasured, and roundness of 154 grains from four samples (B1-01,
X9-01, YCG-08, YCG-17) was obtained. Based on grain size, analyzed
tourmaline grains were separated into two fractions, including the
dominating 63–250 μm fraction (75 %) and subordinate 250–500 μm
(25 %) fraction (Fig. 4D). About 73 % tourmaline grains have aspect ratios
below1.5, 22 % above 1.5 and below2, and only 5 % grains have aspect ra-
tios higher than 2 (Fig. 4F). Subrounded (43 %) and rounded (39 %) frac-
tions dominated in analyzed grains (Fig. 4E). Subangular and well
rounded fractions only make up for 7 % and 9 %.

Tourmaline in the 63–250 μm fraction is composed of dominating
metamorphic rock-sourced tourmaline grains (77 %) and granite-
sourced grains (21 %) with a few Fe-rich rock-sourced grains (2 %;
Fig. 7A). Constituents of the 250–500 μm fraction are made up of 56 %
metamorphic rock-sourced and 38 % granite-sourced and 6 % Fe-rich-
sourced grains (Fig. 7A). Pearson's chi squared test result indicates
close relationships between grain size and detrital tourmaline sources
(p-value=0.0000319<0.05; Table 2). Twomajor aspect ratio fractions
are also similar in tourmaline components (Fig. 7B) with a p-value
(0.7633) above 0.05 (Table 2). Tourmaline components in four round-
ness fractions are similar (Fig. 7C). The subrounded fraction consists of
62 % metamorphic rock-sourced, 36 % granite-sourced and 2 % Fe-
rich-sourced grains, and the rounded fraction is 33 %, 60 % and 7 %, re-
spectively (Fig. 7C). The difference between subrounded and rounded
groups is not significant as indicated by Pearson's chi squared test (p-
value = 0.3316 > 0.05; Table 2).

4.3. Detrital rutile

Trace element composition of 248 rutile grains was obtained. Grains
with Nb content above 800 ppm and higher than Cr content were the
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Fig. 3.Representative photomicrographsof detrital zircon, tourmaline, rutile and garnetwith diverse grain texture and chemical compositions aswell as parent rock lithologyorU–Pb ages.
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major components (57 %)whichwere typical for rutile frommetapelitic
rocks (Fig. 8). The other 43 % grains having Nb content below 800 ppm
or lower than Cr content are frommetamafic rocks. The Zr-temperature
of all grains covers a range from 468.3 to 930.4 °C, with the average of
649.5 °C (Fig. 9). The grain size and aspect ratio of all analyzed rutile
grains were measured, and 109 grains from five samples (WGX-14,
DMG-13, XY-07, YK-06, L1-05) were chosen to quantify roundness.
Most grains are from 63 to 250 μm (77 % 63–125 μm and 20 %
125–250 μm; Fig. 4G). According to aspect ratio, rutile grains were sep-
arated into three fractions, including 1–1.5 (58 %), 1.5–2 (31 %) and >2
(11 %; Fig. 4I). The analyzed grains were mainly characterized by
rounded (52 %) and subrounded (34 %),withminorwell rounded grains
(8 %; Fig. 4H).

Rutile components in two major size fractions are close and not sig-
nificantly different (p-value = 0.373 > 0.05). The 63–125 μm fraction
consists of 44 % metamafic and 56 % metapelitic rutile, and the
125–250 μm fraction contains 40 % metamafic and 60 % metapelitic ru-
tile (Fig. 8A). There is a slight difference between the aspect ratio 1–1.5
fraction and other two fractions, while aspect ratio 1.5–2 and >2 frac-
tions are almost the same (Fig. 8B). Metamafic rutile takes up higher
proportions in the aspect ratio 1–1.5 fraction (47 %) than aspect ratio
1.5–2 (37%) and>2 (36%) fractions. Subrounded and rounded fractions
6

are similar, which have 51 % and 54 % metapelitic rutile, respectively
(Fig. 8C). Zr-temperature values of detrital rutile show a certain rela-
tionship with grain size (Fig. 9A), indicating that rutile grains with
large grain size are featured by high average and maximum Zr-
temperature. There is no correlation between roundness and aspect
ratio and Zr-temperature of detrital rutile.

4.4. Detrital garnet

All the analyzed 666 garnet grains are diverse in chemical com-
positions. The calculation of six end-members revealed that alman-
dine (26–91 mol%, average 67 mol%) is dominating, and pyrope
(1–43 mol%, average 14 mol%), grossular (0–44 mol%, average 10
mol%) and spessartine (0–58 %, average 8 mol%) are subordinates,
with minor andradite (0–9 mol%) and uvarovite (0–2 mol%). Over-
all, the analyzed garnet grains are dominantly falling in
intermediate-acidic igneous rocks or amphibolite-facies rocks (79
%) in the Mg–Fe2+ + Mn–Ca diagram (Mange and Morton, 2007;
Fig. 10A). These Fe + Mn-rich, Mg-poor and Ca-poor grains are
thought to be from amphibolite-facies rocks rather than
intermediate-acidic igneous rocks according to previous trace ele-
ment discrimination results (Hong et al., 2020). Garnet grains from
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Fig. 4. Textural parameters for analyzed detrital zircon (A–C), tourmaline (D–F), rutile (G–I) and garnet grains (J–L). The gray horizontal lines separated analyzed grains in different grain
textural fractions.
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granulite-facies and high-grade metamafic rock take 11 % and 10 %, re-
spectively (Table S5). Discrimination using Tolosana-Delgado's method
shows that 96 % of grains are from metamorphic rocks with integrated
probabilities higher than 50 %. In addition, 28 grains have possibilities
of igneous rocks higher than 50 % and no grain is accounted for ultra-
mafic rocks. In 637 metamorphic garnet grains, garnets from
amphibolite-facies rocks (B) dominated (86 %) with subordinate gran-
ulite-facies (14 %) and only two grains are from eclogite-facies meta-
morphic rocks (Fig. 10B). The grain size and aspect ratio of all
analyzed garnet grains and roundness of 199 grains from five samples
were obtained. About 35% and 53 % of analyzed garnet grains arewithin
63–125 μm and 125–250 μm, respectively (Figs. 3, 4J). The other 12 %
are larger than 250 μm. The aspect ratios of garnet grains are mainly
lower than 1.5 (72 %; Fig. 4L). Grains with aspect ratios of 1.5–2 and
>2 take 21 % and 7 %, respectively. Analyzed garnet grains are mainly
subrounded (35 %) and rounded (50 %; Fig. 4K).
7

Two discrimination methods indicate that more grains are classified
as amphibolite-facies sourced in the >250 μm fraction (91 % and 97 %)
compared with 63–125 μm (77 % and 85 %) and 125–250 μm (77 % and
84 %) fractions (Fig. 10A, C). The p-values based on two methods are
both lower than 0.05 (Table 2) indicating the parent rock types are re-
lated to the grain sizes of detrital garnet. Based on the Mg–Fe2+ +
Mn–Ca diagram, garnet in the subrounded fraction is composed of 79 %
amphibolite-facies sourced and 18 % metamafic rock sourced grains,
which is similar with the rounded fraction (75 % amphibolite-facies
and 20 % metamafic rocks; Fig. 10B). Discrimination results from
Tolosana-Delgado's method also indicate similar contents of two round-
ness fractions (Fig. 10D). The chi squared test of roundness and aspect
ratio with garnet components concludes p-values larger than 0.05
(Table 2). In addition, metamorphic pressure–temperature indicators
(Fe2+/Mg2+ and Mn2+/Mg2+) indicate a descending trend with de-
creasing average grain size (Fig. 11).
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Fig. 5.Detrital zircon U–Pb age populations of different grain size (A, B), aspect ratio (C, D) and roundness (E, F) fractions. Left panels contain all ages and right panels are Phanerozoic ages
(Vermeesch, 2012). Bandwidth = 50 Ma. The proportion of different age ranges is shown by pie charts.
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5. Discussion

5.1. Inheritance of grain texture features from parent rocks

Our detrital single-mineral analysis results indicate that the north-
ern and eastern Qaidam basin is fed by various rock types, including
intermediate-acid rocks, various grades of metamorphic rocks and
recycled sedimentary rocks (Figs. 5, 7, 8, 10). Involving the grain texture
of detrital mineral grains to their geochronological and geochemical
data yielded different correlations. As the initiation of sediments, grain
texture (especially grain size and aspect ratio) distribution in parent
rocks has a significant impact on the grain texture of grains in sediments
(Liang et al., 2023; Feil et al., 2024). Therefore, the influence of inherited
grain texture from parent rocks needs first-order considering.

5.1.1. Detrital zircon
Well-marked 350–500Ma and 200–350Ma detrital U–Pb age signa-

tures in our samples indicate major contributions from early Paleozoic
granitic rocks and Permian–Triassic plutons or siliciclastic sedimentary
strata in the Qilian Shan (Wu et al., 2016; Jian et al., 2023). The subordi-
nate Neoproterozoic age (700–1100 Ma) reflects a source of early–mid
8

metasedimentary basement of the Qilian orogen (Jian et al., 2024). Two
Paleoproterozoic age groups (1500–2150 Ma, 2300–2950 Ma) are at-
tributed to the Quanji massif, a crystalline metamorphic basement
within the South Qilian–North Qaidam belt (Zhang et al., 2020; Jian
et al., 2024). However, combined with the grain textural parameters,
we find that two Paleoproterozoic ages are barely preserved in the
125–250 μm fraction (a common size-window in single mineral analy-
sis) and in the aspect ratio > 2 fraction (Fig. 5A, C). Meanwhile, the pro-
portion of two Phanerozoic age groups, as well as the proportion of
Permian–Triassic ages in Phanerozoic ages, takes ascending proportions
with increasing grain size and increasing aspect ratio (Fig. 5A–D).

The grain texture of mineral grains in parent rocks is related to the
crystal system and crystallization environment. One mineral species
could have various shapes in host rocks (e.g., different prism and pyra-
mid types of zircon crystals). Zircon crystal is a tetragonal system and
commonly develops prism and pyramids, and thus euhedral zircons
are columnar with the aspect ratio ranging from 1:1 to >6:1 (Gärtner
and Linnemann, 2013). In igneous rocks, themorphology of zircon crys-
tal is related with crystallization temperature and magma chemistry
(Pupin, 1980; Belousova et al., 2006). The Al/(Na + K) ratio controls
the development of pyramids of zircon crystals and temperaturemainly



Fig. 6. Detrital zircon U–Pb cumulative age distributions (A). IsoplotR from Vermeesch
(2018) is applied for data visualization. Gray dashed lines represent 100 %. Dissimilarity
between cumulative age distribution curves evaluated by the K–S method (B). Significant
difference between two curves is indicated by negative VK–S value (fail; marked by gray
circles) and positive value (pass; white circles) represents no significant difference
between two distributions.

Table 2
Pearson's chi-squared test results of independence between parent rock types of detrital
tourmaline, detrital rutile, and detrital garnet and their grain size, roundness and aspect
ratio.

Chi-squared test χ2 p-Value Resultc

Tourmaline
Grain size 25.97938 0.0000319 Yes
Aspect ratio 0.540168 0.7633 No
Roundness 2.207603 0.3316 No

Rutile
Grain size 1.9726 0.373 No
Aspect ratio 2.6319 0.2682 No
Roundness 0.3348 0.8459 No

Garnet
Grain sizea 12.6183 0.0495 Yes
Grain sizeb 11.2306 0.0241 Yes
Aspect ratioa 0.3102 0.9581 No
Aspect ratiob 1.6516 0.4379 No
Roundnessa 0.4547 0.9287 No
Roundnessb 0.7228 0.6967 No

a Parent rock lithology discrimination results fromMg–Fe2++Mn–Ca ternary diagram
of Mange and Morton (2007).

b Parent rock lithology discrimination results from Tolosana-Delgado's method
(Tolosana-Delgado et al., 2018).

c If p-value < 0.05, the null hypothesis (H0: the parent rock lithology distribution is
independent of grain size) is rejected (annotated by yes); otherwise, the null hypothesis is
accepted (annotated by no).
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influences the development of prism (Pupin, 1980). The grain size of zir-
con is also diverse in different rock types (e.g., zircons in plutons are
commonly larger than those in volcanic rocks), and even in different
source terranes (Moecher and Samson, 2006). Despite zircon being
one of the most stable minerals in chemical and physical weathering
and diagenetic processes (Morton and Hallsworth, 2007), the shape of
zircon grains could be modified intensively and hardly preserved after
. - .

. - .

Fig. 7.Major element geochemical data of detrital tourmaline in different grain size (A), aspect rat
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multi-sedimentary cycles. Instead, modifications, since zircon involved
into sedimentary systems, have an impact on the shape of zircon grains
(Augustsson et al., 2018). Older recycled zircon grains tend to be more
rounded and thus to be smaller than younger grains which underwent
fewer recycling (Yang et al., 2012; Resentini et al., 2018), even though
zircon can develop rims around the core during diagenetic processes.
Based on this, we speculate that zircon grains in Paleoproterozoic
metasedimentary rocks have originally smaller grain size and lower
aspect ratio shape than those in younger Phanerozoic igneous rocks.
Consequently, the grain texture of zircon grains in different parent rocks
may be a major reason for dependence of grain texture and U–Pb ages.

Our results provide supports for researcheswhich concluded there is
a relationship between grain texture and zircon U–Pb ages
(e.g., Lawrence et al., 2011; Yang et al., 2012; Castillo et al., 2022) against
researches which demonstrate no relationship (e.g., Sircombe and
Stern, 2002; Malusà et al., 2013; Muhlbauer et al., 2017). Here, we com-
bined data in this study and from other four studies which provided
valuable detrital zircon U–Pb ages and grain size (Sircombe and Stern,
2002; Lawrence et al., 2011; Yang et al., 2012; Malusà et al., 2013).
Zircons from modern Yangtze and Amazon river sediments indicate
io (B) and roundness (C) fractions in a discrimination diagram of Henry and Guidotti (1985).



Fig. 8. Detrital rutile Cr–Nb parent rock lithology discrimination following the method of Meinhold et al. (2008). Bar plots show the distribution of parent rocks for different fractions.
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descending average grain sizes of detrital zircons as U–Pb ages increase
(Fig. 12). However, detrital zircons collected from rivers draining the
Slave Craton and EuropeanAlps indicate that there is no statistically sig-
nificant difference between grain size and age populations (Sircombe
and Stern, 2002; Malusà et al., 2013). By comparing detrital zircon age
populations and grain size in five drainage systems, we note that three
grain size-dependent cases show polymodal detrital zircon U–Pb age
spectra (i.e., >2 age clusters) and have a relatively wide range of zircon
ages (Fig. 12). These features may indicate various sources with diverse
ages. Furthermore, in the Cenozoic Qaidam basin and the Yangtze and
Amazon catchments, (meta)sedimentary strata serve as important po-
tential sources for detrital zircons (Fig. 2; Yang et al., 2009; Liu et al.,
2018; Revels et al., 2021; Fadul et al., 2022; Jian et al., 2024). By contrast,
the grain size-independent cases (i.e., the European Alps and the Slave
Craton) are characterized by narrow detrital zircon age ranges and
less age peaks (Fig. 12), indicating limited sources with similar age
(Fig. 12). Therefore, we advocate that grain textural bias in detrital U–
Pb ages should be seriously considered in areas which have various
sources with diverse ages and especially have contributions from
metasedimentary strata (Fig. 13).
Fig. 9. Relationships between detrital rutile Zr-temperature
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5.1.2. Detrital tourmaline
The detrital tourmaline geochemical composition of our sandstone

samples reflects contributions from intermediate-acid igneous rocks
andmetasedimentary rocks in the Qilian Shan (Jian et al., 2013a). How-
ever, detrital tourmaline shows variability in different grain size frac-
tions (Fig. 7), which could be supported by the chi squared test
(Table 2). Detrital tourmaline from granite takes larger proportions in
the 250–500 μm fraction than that in the 63–250 μm fraction (Fig. 7).
On the contrary, detrital tourmaline in two major aspect ratio fractions
is similar in the composition (Fig. 7).

Tourmaline crystal is a trigonal system and has various morphology
in different host rocks (individual or in aggregates), such as prismatic
and acicular in metamorphic rocks, columnar and granular in igneous
rocks, and needlelike in hydrothermal veins (Kalliomäki et al., 2017;
Henry and Dutrow, 2018; Li et al., 2022). Tourmaline in different host
rocks also varies in grain size. For example, metamorphic tourmalines
from the Archean gold deposits in Finland had a maximum grain size
of 250 μm while magmatic tourmalines ranged up to 800 μm in size
(Fig. S2; Kalliomäki et al., 2017). Tourmaline grains are found to be
finer in metamorphic rocks (60–100 μm) than magmatic rocks
and grain size (A), aspect ratio (B) and roundness (C).
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Fig. 10. Parent rock lithology discrimination using detrital garnet major element and relationship between grain size and roundness and parent rock lithology interpretation. Left panels
(A–B) are theplot of detrital garnetmajor element geochemistry ofMange andMorton (2007). Right panels (C–D) are following thediscrimination schemeproposed by Tolosana-Delgado
et al. (2018). Note that only metamorphic garnets (sum of possibilities of metamorphic-sourced grains larger than 50 %) are plotted.

Fig. 11. Grain size vs Fe2+/Mg2+ andMn2+/Mg2+ of detrital garnet. Average grain sizes of different ratios (in equal interval) are marked by red stars. The garnet classification is based on
the scheme in Tolosana-Delgado et al. (2018).
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Fig. 12. Detrital zircon U–Pb age distributions (A) and binary plots of detrital zircon grain size and ages (B). Data were collected from Sircombe and Stern (2002), Lawrence et al. (2011),
Yang et al. (2012), Malusà et al. (2013), and this study. The black squares are average grain size values. Top three cases represent regions covering various age groups andwide age ranges,
and all of them indicate that grain size gets smaller in older grains. Zircon grains in Po River sediments and Slave Carton sedimentary rocks represent a narrow age range and show that
zircon age is independent of grain size.
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(100–1200 μm) in the Altyn Tagh and Qilian orogenic belts (Fig. S2;
Hong et al., 2021; Liu and Jiang, 2021), which are considered as impor-
tant, potential sediment source terranes for the Cenozoic Qaidam basin.
Therefore, we attribute the difference of tourmaline composition in dif-
ferent grain size fractions to the inheritance variation from the parent
rocks (Fig. 13). Similar conclusions were drawn in other case investiga-
tions. For example, modern sands from the Black Hills indicated that
metamorphic tourmalineswere dominant in veryfine sandand the pro-
portion of granitic tourmalines gradually increased with increasing
grain sizes (Viator, 2003).

5.1.3. Detrital rutile
Detrital rutile Cr–Nb contents reveal that bothmetamafic andmetape-

litic rocks contribute to theMesozoic rutile grains (Fig. 8). Based on the chi
squared test, rutile composition is found to have no relationshipwith grain
size and aspect ratio (Fig. 8; Table 2). However, the Zr-temperature of de-
trital rutile displays a certain increasing trend with the grain size (Fig. 9).
Rutile is of tetragonal system and is commonly needlelike,fibrous or gran-
ular in parent rocks (Meinhold, 2010). As a typical mineral sourced from
metamorphic rocks, the grain size of rutile is commonly larger in high-
grade metamorphic rocks than those in low- tomedium-grade metamor-
phic rocks (Meinhold, 2010). Therefore, Zr-temperature which indicated
metamorphic conditions rather than lithology discrimination based on
Cr–Nb contents of detrital rutile is influenced by inherited grain size. No
significant relation between the trace element chemistry of detrital rutile
and grain size is also shown in sand and sandstone samples investigated
by von Eynatten et al. (2005). Despite that, when using detrital rutile geo-
chemistry for parent rock lithology discrimination, common-used size
fractions (63–125 and 125–250 μm) are recommended to be optimized
toward one single fraction containing the largest amount of rutile in sedi-
mentary studies (Triebold et al., 2012).

5.1.4. Detrital garnet
The major element composition of detrital garnet reveals major

sources from amphibolite-facies and granulite-facies metasedimentary
rocks in the Qilian Shan (Jian et al., 2013a). Detrital garnet from
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amphibolite-facies rocks is much more in both the 63–125 μm fraction
and 125–250 μm fraction than that in the >250 μm fraction (Fig. 10),
which is also demonstrated by decreasing average grain size with de-
creasing Fe2+/Mg2+ and Mn2+/Mg2+ values (Fig. 11). Detrital garnets
are commonly granular and have a low aspect ratio range (mostly <2
in this study). The influence of aspect ratio to detrital garnet geochem-
istry is thus not discussed in this study.

Garnet is a typical cubic systemmineral and commonly occurs in par-
ent rockswith regular granular shape, and thus originally has a lowaspect
ratio. Grain size distribution of garnet inmetamorphic rocks is thought to
be related to the metamorphic environment where garnet grains crystal-
lize (Krippner et al., 2015; Feil et al., 2024). Commonly, the grain size of
garnet is increasing with increasing metamorphic grade (Krippner et al.,
2016; Schönig et al., 2018). A reversed trend could also exist, and
coarse-grained garnet from lower-grade mica schists was found
(Schönig et al., 2021). Grain size variations also occur in garnet grains
from igneous rocks. Due to the difference of crystallization processes, gar-
nets from intrusive rocks (e.g., leucogranite) couldbemuch larger (up to a
few mm) than that from extrusive rocks (e.g., andesite; up to 100 μm)
(Alonso-Perez et al., 2009; Jung et al., 2009). Therefore, the difference of
garnet composition between different size fractionsmay be due to the in-
heritance variation from the parent rocks. Grain size-dependent patterns
are also found in pyrope contents in the Rhine River sediments (Hülscher
et al., 2018). Grossular-rich garnets are found to be more frequent in
smaller grain sizeswhile pyrope-rich garnets aremore frequent in coarser
grain sizes based on the investigation of sedimentary rocks in the central
Eastern European Alps (Krippner et al., 2015, 2016).

5.2. Sedimentary environment-induced grain textural bias

Hydrodynamics of sedimentary environments decide the grain texture
distribution in the sediment due to the mechanical sedimentary differen-
tiation (Garzanti et al., 2008). For example, alluvial deposit is commonly
characterized by coarse-grained sand or conglomerates whereas sedi-
ments in lacustrine facies or shallow marine are composed of fine-
grained sand or silt. According to the settling-equivalent principle, detrital
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Fig. 13. Schematic diagram of potential textural bias and other biases when using single mineral provenance analysis. Five drainage systems (marked with D*) with different parent rock
types are drawn. In each drainage system, it is assumed that each source contributes same sediment flux. Zircon U–Pb geochronology could be influenced by grain texture, especially in
regionswith contributions from recycled (meta)sedimentary rock (D1). Parent rockdiscrimination of tourmaline and garnet could be affectedby grain size (D2andD3). Grain textural bias
isweak in rutile provenance analysis (D4). In drainage system5 (D5), take zircon as an example, it is often assumedor ignored that zircon fertility in different rocks is sameand each source
equally contributes sediments, but the age spectrawould be largely different from the actuality whichmeans that zircon fertility in different rocks is largely different (Malusà et al., 2016).
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grains are often deposited together with smaller grains of higher density
(Rubey, 1933). Despite this physical rules are often used to explain
intrasample modal variability, it is reasonable that one specific type of
mineral grains with different size or density (even though density of one
mineral species usually varies little in density) deposits in different size
classes.

As mentioned above, the northern and eastern Qaidam basin experi-
ences a temporal change of the sedimentary environment, from alluvial
to fluvial, deltaic and lacustrine to alluvial (Fig. 2; Wang et al., 2023). Our
samples collected with different sedimentary facies have a wide range of
grain size from fine- to coarse-grained sandstone. The grain size of one
specific mineral grain is correlated with the host sand size (Lawrence
et al., 2011). Analyzed detrital grains from different samples also vary in
grain size (Figs. S3–S5). Single-mineral geochronology and geochemistry
also show inter-sample difference (Jian et al., 2013a, 2024). Despite
13
these variations were interpreted to be contributions from different
sources, the sedimentary environment effect on the grain size, thereby
geochronological and geochemical difference, could not be negligible. For
example, Lawrence et al. (2011) found that zircons from different micro-
environments of a single dune present significantly different detrital zir-
con age spectra. In addition, sedimentary environment difference may be
accompanied with the variation of source areas (cf. Fig. 23 of Jian et al.,
2024). Sediments in lacustrine or deltaic environmentswith distal sources
may bewellmixed andpreserved information ofmulti-sources than those
proximal deposits (such as alluvial or fluvial environments).

5.3. Sedimentary recycling-induced grain textural bias

Due to strongdurability tomechanical and chemicalweathering, zir-
con, tourmaline, rutile and garnet have potential to survive in multi-
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recycling episodes (Morton and Hallsworth, 2007; Garzanti and Andò,
2019). During the transport, deposition and diagenesis in the sedimen-
tary cycle, detrital grains are inevitably sufferingmechanical and chem-
ical modifications and thus, tend to be smaller and rounder (Garzanti
et al., 2012; Resentini et al., 2018; Castillo et al., 2022). Therefore,
recycled grains may have a specific grain texture differing with first-
cycle grains.

As mentioned above, our detrital zircon U–Pb geochronology data
indicate that U–Pb ages in different grain size fractions and aspect
ratio fractions are largely different (Figs. 5C–D, 6). Variation in different
roundness fractions occurs but is not significant (Figs. 5E–F, 6). Our re-
sults emphasize the recycling effect on the older zircons, which could
also be supported by studies in other recycled sedimentary rock-
supplied areas (Malusà et al., 2013; Castillo et al., 2022). However, dif-
ferent roundness fractions indicate similar discrimination results, re-
vealing no relationship between roundness, aspect ratio and detrital
tourmaline, rutile and garnet element geochemistry (Figs. 7, 8, 10;
Table 2). Because it is difficult to recognized recycled grains, we propose
two possible reasons: firstly, analyzed grains are first-cycle and are
mainly from crystalline rocks in the Qilian Shan rather than recycled
sedimentary strata, because of low fertility in the sedimentary rocks
and secondly, Permian–Cretaceous sedimentary strata in northern
Qilian Mountains which are also supplied by crystalline rocks may
play as a recycled source, given thanmost of analyzed grains are charac-
terized by subrounded and rounded fractions (Figs. 3–4). In other
words, in those cases with well-defined parent rocks (involving rock
types, forming ages and targetingmineral geochemistry), the influences
of sedimentary recycling on detrital grain texture and single-mineral
provenance interpretations may be able to be addressed. We expect
that, in addition to zircon, sedimentary recycling and related roundness
bias might be widely present in geochronology (or thermochronology)
data-based stable mineral (e.g., rutile U–Pb geochronology and garnet
Sm–Nd geochronology) provenance studies.

5.4. Grain textural bias in the Qaidam basin sandstone provenance analysis
and its implications

Massive single-mineral geochronological and geochemical data from
sedimentary records in the Qaidam basin or adjacent source areas have
been reported in the past decade (Pullen et al., 2011; Bush et al., 2016;
McRivette et al., 2019; Jian et al., 2024, references therein). Theprovenance
of the northern and eastern Cenozoic Qaidambasin is still under debate on
the contribution of East Kunlun Shan to this region (Bush et al., 2016; Song
et al., 2019; Cheng et al., 2021; Jian et al., 2024). The Permian–Triassic ages
in the detrital zircon age populations were thought to be an indicator for
distinguishing contributions of the unroofing of the Eastern Kunlun
Range from the Qilian Shan (e.g., Bush et al., 2016), which is not agreed
by some other researches (e.g., Cheng et al., 2017; Song et al., 2019),
given the existence of Permian–Triassic plutons in the South Qilian–
North Qaidam belt (Wu et al., 2016; Zhang et al., 2020). Jian et al. (2024)
further proposed that Paleoproterozoic age is a better indicator of detrital
zircon age-based provenance interpretation and advocated that the Ceno-
zoic sandstoneswere from localized, adjacent source terranes in the Qilian
Shan. Combined with the relationship between grain texture and detrital
zircon U–Pb ages found in this study, we speculate that absence of
Paleoproterozoic ages or overwhelming Permian–Triassic ages in some
samples may be influenced by the host sand size. For example, samples
L87-09 and YCG-38 are medium sandstone (Table S1) and contain few
Paleoproterozoic zircons (cf. Fig. 8 in Jian et al., 2024), while other fine-
grained sandstone samples contain a certain number of Paleoproterozoic
zircons. Despite all potential parent rocks being discriminated in different
grain size fractions based on detrital tourmaline and rutile geochemistry,
there are significant differences of proportions of parent rocks between
difference grain size fractions. In a quantitative perspective, these differ-
ences will affect the quantitative description of the source-to-sink system
of the Cenozoic Qaidam (Jian et al., 2013b). Dissimilarly, rutile grains in
14
different textural fractions indicate similar composition of parent rock
types. Provenance interpretation ofMesozoic sandstone based on detri-
tal rutile geochemistry is thus not biased by grain texture. Further-
more, grain textural bias in the Qaidam basin sedimentary
provenance analysis could influence the reconstruction of tectonics
of the northern Tibetan plateau from the clastic sedimentary per-
spectives. Overestimated contributions from the East Kunlun Shan
to the Qaidam basin deposits may cause misunderstanding of the
uplift–erosion history of the East Kunlun Shan and Qilian Shan.

6. Conclusions and perspectives

This study compiles a set of detrital single-mineral geochemical (in-
cluding tourmaline, rutile and garnet) and geochronological (zircon)
data and their quantitative grain textural (grain size, aspect ratio and
roundness) data from the Qaidam basin Mesozoic and Cenozoic sedi-
mentary rocks to explore the relationship between grain texture and
provenance interpretation based on detrital single-mineral geochronol-
ogy and geochemistry. Our data demonstrate that detrital zircon U–Pb
age is dependent on grain texture, especially grain size and aspect
ratio. Dependence of detrital tourmaline and garnet parent rock dis-
crimination and grain size is also statistically proven. On the contrary,
roundness and aspect ratio are found to be irrelevant with provenance
interpretation of detrital tourmaline and garnet. Parent rock discrimina-
tion based on detrital rutile geochemistry is barely influenced by grain
texture. We attribute the grain textural bias in detrital zircon, tourma-
line and garnet to inheritance from parent rocks. Older zircon grains
from recycled metasedimentary rocks tend to be smaller and rounded.
Tourmaline and garnet grains in different parent rock types vary in
grain size. The sedimentary environment plays as an external control-
ling factor of detrital grain texture in sediments and may influence the
provenance interpretation. Recycling processes improve the roundness
of grains but have a limited impact on provenance interpretation. The
provenance interpretation of the Cenozoic Qaidam basin is biased
by grain texture, especially when using zircon U–Pb geochronology.
Older distinguished zircons may be absent in some coarse samples
and influence the provenance interpretation. The grain size effect on de-
trital tourmaline and garnet may influence the quantitative analysis in
the Cenozoic Qaidam source-to-sink system. The available data indicate
that Mesozoic Qaidam provenance analysis based on detrital rutile is
not influenced by grain texture.

This study highlights the underestimated grain textural bias in sedi-
mentary provenance analysis when using detrital single-mineral geo-
chronological and geochemical data (Fig. 13). Those potential biases
should be carefully evaluated or eliminated in futureworks. Artificial in-
fluences should be avoided during the laboratory proceedings to reduce
the grain textural bias. For deep-time sedimentary records, analyzing
samples from the same sedimentary facies or same grain size fractions
may reduce misunderstandings. For instance, an Excel-based calcula-
tion tool could help for modeling mineral distributions in different
size fractions and do benefits for selecting proper analyzed size-
window (Resentini et al., 2013). This study highlights the fundamental,
prevailing textural biases in single-mineral provenance studies and pro-
vides reasonable interpretations. Our findings and recommendations
are a key step toward better applications of detrital provenance analysis
in earth science studies, especially in the period of big earth data. Given
the few concerns about quantitative textural description in the current
community, it is appealed that grain texture parameters (grain size,
roundness and aspect ratio) should be involved in future single-
mineral provenance studies.
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