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Geochemistry and detrital zircon
U-Pb-Hf isotopic data reveal the
provenance and tectonic setting of
the Xujiahe Formation

Fenquan Xie!, Wenzhou Xiao?*, Mabrouk Sami**?, loan V. Sanislav*, Lu Han?, Yifang Wang*
& Suhail S. Alhejji*™

The depositional age, provenance and tectonic setting of the Xujiahe Formation have been studied,
but remain intensely debated. In this study, we focus on the second segment of the Xujiahe Formation
(T;x,) as a research object. Several sandstone samples from three sections were collected for
stratigraphic, geochemical and detrital zircon analyses. Stratigraphic assemblage and features of

the three sections indicate a braided river delta depositional setting, and detrital zircon U-Pb dating
constrains a Late Triassic depositional age. Whole-rock geochemistry suggests that the sandstones
exhibit a low degree of palaeo-weathering and primarily derived from upper crustal felsic rocks.
Detrital zircons within these sandstones display uniform age peaks at intervals of 2000-1800 Ma and
500-200 Ma, with similar Hf isotopic compositions compared to those of detrital and magmatic zircons
from the South Qinling Block. Taken together, these zircon age spectra and Hf isotopic signatures

is determined to be indicate a mixed clastic provenance, with contributions from both the Qinling
Orogenic Belt and the Yangtze Block. The clastic particle composition and whole-rock geochemistry
indicate that the T x, was deposited in a passive margin tectonic setting, located within a braided river
delta fed by several NE-SW-oriented paleo-rivers
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The Xujiahe Formation is a Triassic stratigraphic unit well known for its rich oil and gas resources! . As a very
thick sequence widely distributed in the Sichuan Basin and composed mostly of clastic sediments, especially
sandstones?, it is an ideal subject for investigating depositional environment and provenance. Recent studies
remain controversial regarding the provenance of the Xujiahe Formation, entirely different viewpoints have been
proposed including the Qinling Orogenic Belt, Yangtze Block, Songpan-Ganzi terrane and/or mixed origin®~5.
Moreover, few studies have thoroughly investigated the depositional age and environment of the Xujiahe
Formation. These controversies and research gaps have led to differing interpretations of the provenance and
tectonic evolution of the Sichuan Basin.

To clarify these debates, Table 1 summarizes representative viewpoints from previous studies on the Xujiahe
Formation’s depositional age, provenance, and tectonic setting. Earlier investigations have offered disparate
interpretations: some argued for major sediment input from the west (the Songpan-Ganzi Terrane via the
Longmenshan belt), others identified the northern Qinling Orogenic Belt as the primary source, while yet others
suggested far-traveled detritus from the south (Yangtze and Cathaysia Blocks). There is also disagreement on
the precise timing of deposition within the Triassic and on whether the basin was an active foreland or a passive
margin during Xujiahe deposition. Table 1 highlights these contrasting viewpoints. These unresolved issues
underscore the need for an integrated approach, which we undertake in this study.

The Xujiahe Formation is composed of four segments. Among these, the second segment (T,x,) contains the
highest proportion of sandstone layers and serves as an ideal representative of the whole Xujiahe Formation®1!.
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Study (Year) | Depositional age Proposed provenance Tectonic setting interpretation
Yu & Liang® | Late Triassic (Upper Triassic, assumed) | Dominant sediments from Songpan-Ganzi Orogen (west) gominant sediments from Songpan-Ganzi
rogen (west)
Mu et al.® Late Triassic (Carnian-Norian) Qinling Orogenic Belt (northern orogen) Foreland basin (Indosinian collisional context)
X - . . . - . Foreland basin related to Qinling-Dabie
7 —
Jiang et al. Late Triassic (Norian-Rhaetian) Major input from Qinling Orogenic Belt (north) collision (Paleo-Tethys closure)
Gou et al.® Late Triassic (Carnian-Rhaetian) Mixed sources (Qinling Orogen, Yangtze Block, etc.) Actlv_eAcor‘ltmental margin (Syn_orpgemc basin
transitioning to continental deposition)
This study Late Triassic (Norian) Mixed: Qinling Orogenic Belt + Yangtze Block Passive margin (quiescent foreland basin)
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Table 1. Summary of previous studies on the Xujiahe Formation (T,x,).
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Fig. 1. (a) Tectonic location of the Sichuan Basin; (b) Geological map showing the study area and sections.
Abbreviations: NCB-North China Block; SCB-South China Block; CB-Cathaysia Block; YB-Yangtze Block; Q-
Qinling Orogenic Belt. The map was generated using CorelDRAW X7 (https://www.coreldrawchina.com/).

In contrast, the other three segments contain large proportions of shale and mudstone, making it difficult
to constrain their provenance using whole rock geochemistry due to the high loss on ignition and a scarcity
of detrital zircons'>". In this study, we examined three different stratigraphic profiles of the T,x, in the
Northeastern Sichuan Basin. Whole-rock geochemistry of the sandstones, U-Pb-Hf isotopes and trace elements
of detrital zircons were conducted to precisely constrain the depositional age, environment and provenance of
these sediments. Specifically, we address three questions: (1) when was the T,x, deposited, (2) what were the
main source areas of its detritus, and (3) under what tectonic setting did deposition occur? By investigating these
newly uncovered profiles, this study addresses the above questions, which can provide further insight into the

tectonic evolution and affinity of the Sichuan Basin.

Geological setting
The Sichuan Basin lies in the northeastern part of the Yangtze Block with an area of approximately 260,000 km?
(Fig. 1a). As a well-known “red basin’, the Sichuan Basin is thought to have formed through multiple geological
events. The initial shallow sea and delta deposition during the Triassic formed the basic sedimentary layers of
the nascent Sichuan Basin®'4!°. Subsequently, as the Paleo-Tethys Ocean started its closure, and the northern,
eastern and southern blocks amalgamated along with strong orogenic movements during the Jurassic'®. The
North China Block (to the north) and the Yangtze Block (to the south) amalgamated along the well-known
Qinling-Dabie-Sulu Orogenic Belt, and the Sichuan Basin is located at the western segment-the southern
side of the South Qinling Orogenic Belt'”1°. The Songpan-Ganzi Terrane to the west accreted to the eastern
Yangtze Block along the Longmenshan strike-slip fault zone, placing the Sichuan Basin on the eastern side of the
Longmenshan fault zone?.

The study area is situated at the southeastern Sichuan Basin, within the interior of the Yangtze Block but
adjacent to the Qinling Orogenic Belt to the north (Fig. 1b). The area preserves a continuous stratigraphic
sequence from the Sinian to the Quaternary, except for an absence of the Silurian strata due to erosion. The
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Sinian strata are mainly pyroclastic rocks in the lower part, transitioning to shallow-marine carbonates in the
upper part. The Cambrian strata comprises sandstone and shale in the lower part, and carbonate in the upper
part. The Ordovician is dominated by shallow-marine carbonates with terrigenous mudstone interbeds near the
top. The Devonian features deltaic conglomerate and sandstone, whereas the Carboniferous returns to shallow-
marine carbonate deposition. From the Permian to the Lower Triassic, sedimentation was relatively stable and
continuous in a shallow-marine setting, consisting of thick carbonate rocks with a few intercalated transitional
mudstone and shale layers. However, in the Upper Triassic, the strata shifted to transitional (nearshore) and
delta facies, mainly composed of conglomerate, sandstone and mudstone. The Jurassic strata consist of lacustrine
sandstones and mudstones.

Structurally, the study area is complex due to overprinting of multiple orogenic events through time. During
the amalgamation of the surrounding blocks, two primary fault orientations developed in the Sichuan Basin
and adjacent blocks. NE-SW-striking faults are well developed along the Longmenshan strike-slip fault zone
as subsidiary structures of that major fault system. NW-SE-trending faults occur mainly near the Qinling
Orogenic Belt, including Mianlue suture, Shangdan suture, Luonan-Luanchuan fault and Chengkou-Fangxian
fault, indicating complex, multi-phase tectonic movements during the convergence of the North China and
Yangtze Blocks.

Stratigraphy and sampling

Xujiahe Formation

The Xujiahe Formation is usually known as a complex unit composed mainly of conglomerate, sandstone, and
mudstone, and itis also enriched in fossils, coal, oil and gas resources. Previous geological surveys have divided the
Xujiahe Formation into six segments, and the second and fourth segments are the dominating oil-gas reservoirs.
The second segment (T3x2), which is the focus of this study, contains the thickest sandstone succession in the
Formation and is characterized by thick beds of medium to coarse sandstone underlain by conglomerates. Given
its substantial sandstone development, T,x, is an ideal unit to study depositional environment and provenance,
which in turn shed lights on the forming of the Xujiahe deposits. In this study, we collect T,x, samples from
three sections in the eastern Sichuan Basin: the Gujunshan section (GS), the Xuanhan Qili section (XQS) and
the Dazhu section (DS). Samples were collected for petrographic observation, whole-rock geochemical analysis,
and zircon U-Pb-Hf isotopic analysis (Table 2, Fig. 2).

Sample for
zircon U-Pb
Sample for clastic particle composition | Sample for whole-rock geochemical | dating and
Section | Sample for microscopic observation | statistics study Hf isotopes
Gjbl GJH1
Gjb2 Gjb2 GJH2
Gijb3 Gjb3 GJH3 GJG3
QIbo
Qlbl Qlbl QLHI
Qlb11
Qlb2 QLH2 QLG2
QIb21
Qlb3 Qlb3
QIb31
Qlb4
Qlb41
Qlbs Qlbs QLH6
QIb61
Qlb7 QLH7
QIb71
Qlbs QLHS8
QIb9
Qlb10 Qlb10 QLH10
Qlb101
Qlb11 QLHI1
Qlb12 QLH12
Dzb2
Dzb3 Dzb3 DZH3
Dzb4 DZH4 DZG4
Dzb5 Dzb5 DZH5

Table 2. Collected samples and analysis from GS, XQS and DS of the Xujiahe Formation.
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Fig. 2. Stratigraphic column of the GS, XQS and DS sections of the Xujiahe Formation.

Gujunshan section

The Gujunshan section (GS; 108°07'07.81"E, 31°45'30.72"N), comprises strata from the underlying Leikoupo
group and overlying first and second segments of the Xujiahe Formation. The Leikoupo group is mainly
exposed as brecciate limestone, while the first segment of the Xujiahe Formation, forming the upper layer with
a thickness of approximately 10 m, is composed predominantly of carbonaceous siltstone, carbonaceous shale
and carbonaceous mudstone (Fig. 2).

The T,x, in this section is approximately 160 m thick and can be divided into two parts. The lower to middle
part (0-110 m) comprises, from bottom to top, a lithological sequence of coarse-grained sandstone, medium-
grained arkosic sandstone, and fine-grained quartz sandstone. The upper part (110-160 m) comprises mudstone
and siltstone. Four samples were collected from different layers, including three samples from the middle-lower
part and one sample from the upper part. These samples are medium-grained lithic quartz sandstones with
poor sorting, angular to subangular grains, and grain sizes of 0.3-0.5 mm (Fig. 3a). Microscopic observation
reveals a composition of quartz (70-75%), feldspar (~ 10%), lithic fragments (15-20%) and interstitial material
(~5%). The quartz predominantly appears as single-crystal quartz, the feldspar is mainly K-feldspar with minor
microcline, and the lithic fragments are mainly mudstone, siltstone, andesite, slate and phyllite. The interstitial
materials are primarily argillaceous and silty, supplemented by a small amount of carbonate minerals (Fig. 3b).

Xuanhan Qili section

The Xuanhan Qili section (XQS; 107°44'51.42"E, 31°11'41.77"N) similarly comprises strata from the underlying
Leikoupo group and the overlying first and second segments of the Xujiahe Formation. The Leikoupo group is
mainly argillaceous dolomite, while the first segment of the Xujiahe Formation (about 15-16 m thick), consists
of coal-bearing mudstone in the lower part and silty mudstone in the upper part (Fig. 2).

The T,x, in this section is approximately 180 m thick and can also be divided into two parts. The lower part
(0-160 m) begins with basal conglomerate and coarse sandstone, and grades upward into several alternating
sandstone-mudstone interlayers. The upper part (160-180 m) is composed of mudstone, fine-grained quartz
sandstone and medium-grained lithic quartz sandstone. Eight samples are collected from different layers of
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Fig. 3. (a, ¢, ) Hand specimen photographs and (b, d, f) microscopic photos of sandstone samples from
the GS, XQS and DS sections. Abbreviations: Qm-monocrystalline quartz; Qp-polycrystalline quartz; PI-
plagioclase; Kfs-K-feldspar; Ls-lithic fragments of sedimentary rocks; Lm-lithic fragments of metamorphic
rocks; Lv-lithic fragments of volcanic rocks.

the lower part, these are fine- to medium-grained lithic quartz sandstones with poor to moderate sorting and
roundness, and grain sizes of 0.1-0.5 mm (Fig. 3¢). Under the microscope, the samples consist of quartz (~70%),
feldspar (10-15%), lithic fragments (~15%) and interstitial material (~ 5%). The quartz is mostly monocrystalline,
the feldspar is mainly K-feldspar with minor microcline; and the lithic fragments are mainly mudstone, siltstone,
andesite, tuff and phyllite. The interstitial materials are primarily argillaceous and silty, supplemented by a small
amount of carbonate minerals (Fig. 3d).

Dazhu section

The Dazhu section (XQS; 107°06'51.58"E, 30°45'55.98"N) also comprises strata from underlying Leikoupo
Group and overlying first and second segments of the Xujiahe Formation. The Leikoupo Group is mainly
exposed as calcitic dolomite with interbeds of dolomitic shale. The first segment of the Xujiahe Formation is
exposed as argillaceous siltstone with interbeds of carbonaceous mudstone (Fig. 2).
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The T,x, in this section is approximately 160 m thick and can be divided into two parts. The lower part
(0-130 m) contains multiple interbedded sandstone and mudstone units, with lithologies of medium- to coarse-
grained feldspathic quartz sandstone, fine- to medium-grained lithic quartz sandstone, argillaceous siltstone
and carbonaceous mudstone. The upper part (130-160 m) is mainly composed of carbonaceous mudstone. Four
samples were collected from different layers of the lower part, which are fine-to medium-grained lithic quartz
sandstones, with poor to medium sorting, poor roundness, and grain sizes of 0.1-0.5 mm (Fig. 3e). Microscopic
examination reveals a composition of quartz (~ 65%), feldspar (10-15%), lithic fragments (~20%) and interstitial
material (~5%). The quartz predominantly appears as single-crystal quartz, the feldspar is mainly K-feldspar
with minor microcline, and the lithic fragments are mainly mudstone, siltstone, andesite, tuff and phyllite. The
interstitial materials are primarily argillaceous and silty (Fig. 3f).

Analytical methods

Whole-rock major and trace element analysis

Whole-rock major and trace element analyses were performed at ALS Chemex (Guangzhou, China). The
samples were pulverized until they were fine enough to pass through a 200 mesh. Major element concentrations
were determined using a Panalytical Axios Max X-ray fluorescence (XRF) instrument, achieving an analytical
accuracy of 1-5%. For trace element analysis, an inductively coupled plasma-mass spectrometer (ICP-MS;
PerkinElmer Elan 9000) was employed, offering an analytical accuracy better than 5%. More details about the
analytical methods are provided by Qiu et al.?! and Zhang et al.?2.

Detrital zircon geochronology

The separation of zircon grains was carried out using standard magnetic and heavy liquid methods at
Langfang Integrity Geological Services Co., Ltd. The grains were then meticulously selected under a binocular
microscope. To minimize any risk of contamination, the mineral separation laboratory maintains a clean, dust-
free environment. After each use, the pulverizer and ore beneficiation equipment were thoroughly washed with
water and then air-dried for 15-30 min to eliminate any residual particles. The zircon grains were subsequently
embedded in epoxy resin blocks and polished to achieve flat surfaces. For visualizing the internal structure of the
zircon grains, cathodoluminescence (CL) imaging was performed using a scanning electron microscope (SEM)
at Chongqing Yujing Science and Technology Services Co. Ltd.

U-Pb geochronology of zircon was conducted using laser ablation inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at Nanjing FocuMS Technology Co., Ltd. The setup included a Teledyne Cetac
Technologies Analyte Excite LA system (Bozeman, USA) and an Agilent 7700 x quadrupole ICP-MS (Tokyo,
Japan). The 193-nm ArF excimer laser, homogenized by a beam delivery system, was focused on the zircon
surface with a fluence of 6.0 J/cm™2. The ablation process involved a 35 um spot diameter, at an 8 Hz repetition
rate for 40 s (~ 320 pulses). Helium was used as a carrier gas to efficiently transport the aerosol to the ICP-MS.
Zircon 91,500 served as the external standard for correcting instrumental mass bias and elemental fractionation,
while Zircon GJ-1 was used as secondary standard for quality control. Calibration of lead and other trace
elements in zircon was performed against NIST SRM 610 glass (with Si as the internal standard), following the
methodologies of Liu et al. and Hu et al.>>?* Raw data reduction was performed offline using ICPMSDataCal
software. Quantitative calibration for Pb isotope dating was performed by ComPbcorr#3_18%, and Concordia
diagrams and weighted mean calculations were generated using ISOPLOT 4.15%.

Zircon Lu-Hf isotope analysis

Zircon Lu-Hf isotopic analyses were carried out by LA-MC-ICP-MS at Nanjing FocuMS Technology Co. Ltd.
The Teledyne Cetac Technologies Analyte Excite laser-ablation system (Bozeman, Montana, USA) and Nu
Instruments Nu Plasma IT MC-ICP-MS (Wrexham, Wales, UK) were combined for the experiments. The 193 nm
ArF excimer laser, which was homogenized by a set of beam delivery systems, was focused on the zircon surface
with fluence of 6.0 J/cm?. The ablation protocol employed a spot diameter of 50 pm at an 8 Hz repetition rate for
40 s (equating to 320 pulses). Helium was applied as a carrier gas to efficiently transport the aerosol to MC-ICP-
MS. Two standard zircons (GJ-1 and 91,500) were treated as the quality control every ten unknown samples.

Clastic particle composition statistics

The detrital framework composition of the collected samples was analyzed using the Gazzi-Dickinson point
counting method?. In this method, three straight lines were drawn across each thin section, and about 500
grains (with diameters between 0.2 and 2 mm) intersecting these lines were counted and classified as quartz,
feldspar, or lithic fragments. To ensure accuracy and statistical significance, approximately 500 points were
counted per sample. Samples with a high concentration of carbonate or those comprising more than 25% matrix
and cement were excluded from the counts. However, grains affected by metasomatism were included in the
counts, based on their remaining clastic components.

Results

Whole-rock major and trace elements

Sixteen representative samples (3 from GS, 8 from XQS, and 4 from DS), were selected for comprehensive whole-
rock geochemical analysis (Supplementary Table 1). The GS samples exhibit high SiO, (83.43-83.57 wt%) and
ALO, (7.86-8.23 wt%), with low MgO (0.47-0.51 wt%), Fe,0, (1.79-2.28 wt%), CaO (0.13-0.22 wt%) and
Na,O (0.38-0.80 wt%), but moderate K,O (2.26-2.37 wt%) contents. The XQS samples also show high SiO,
(74.00-86.58 wt%) and Al,O, (6.50-9.26 wt%), with variable MgO (0.42-1.59 wt%), Fe,0, (0.89-3.39 wt%) and
CaO (0.25-2.53 wt%), and moderate Na,O (0.74-1.13 wt%) and K,O (2.30-3.39 wt%) composition. Similarly,
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Log (Na,0/K,0)

the DS samples have high SiO, (82.01-87.03 wt%) and Al O, (6.04-8.66 wt%), but low MgO (0.32-0.49 wt%),
Fe,0, (1.13-2.04 wt%), CaO (0.16-0.25 wt%) and Na,O (0.30-0.48 wt%), and moderate K,O (2.87-3.69 wt%)
concentrations. On a log (S8iO,/Al,0,)-log (Na,0/K,0) diagram, the GS and XQS samples predominantly fall
within the arkose to subarkose fields, whereas the DS samples plot chiefly in the arkose field. On a log (SiO,/
Al O,)-log (Fe,0,/K,0) diagram, the XQS samples fall mainly in the litharenite, arkose and subarkose fields;
the GS samples plot in the arkose field; while the DS samples lie in the arkose and subarkose fields (Fig. 4a, b).

Samples from the GS, XQS and DS have similar trace element distribution patterns in both primitive
mantle- and upper crust- normalized diagrams. They show slight enrichment in Th, U, La, Ce, Nd, Zr and
Hf, and moderate depletion in Nb, Ta, Sr, P and Ti (Fig. 5b, d). Additionally, they are characterized by a high
concentration of rare earth elements (REEs), with a particular enrichment in light REEs compared to heavy
REEs when normalized to C1 chondrite. The REE distribution patterns typically show a right-dipping shape
in chondrite normalized diagram, coupled with slight negative Eu anomalies (Fig. 5a). However, they show a
relatively flat shape in the upper crust- normalized diagram, without Eu anomalies (Fig. 5¢).

Zircon U-Pb ages

One representative sample from each section (GS, XQS and DS) was selected for zircon U-Pb dating. The dating
results are provided in Supplementary Table 2, and the zircon CL images and age distributions are shown in
Fig. 6.

In sample GJG3 (GS section), 70 zircons were randomly chosen for U-Pb isotopic analyses. Among these, 65
yielded consistent and concordant data. The determined ages of these zircons vary widely, ranging between 237
and 2606 Ma. Notably, two distinct age peaks are evident at 2000-1800 Ma and 500-200 Ma (Fig. 7a, b).

From sample QLG2 of the XQS, 70 zircons were randomly chosen for U-Pb isotopic analysis. Among these,
65 zircons provided concordant results. The age range of these zircons extends from 237 to 2606 Ma, with
prominent age peaks primarily occurring at 2000-1800 Ma and 500-200 Ma (Fig. 7c, d).

In the case of sample DZG4 from the DS, a total of 70 zircons were selected at random for U-Pb isotopic
analyses. From this selection, 70 zircons yielded consistent and reliable data. The age range for these zircons
spans from 242 to 2548 Ma, with the most pronounced age peaks occurring at 2000-1800 Ma and 500-200 Ma
(Fig. 7e, f).

Zircon Lu-Hf isotopes

The LA-MC-ICP-MS analytical results of detrital zircon Lu-Hf isotope compositions are presented in
Supplementary Table 3 and Fig. 8. In sample GJG3 (GS), twelve detrital zircons with ages ranging from 1861 to
2594 Ma were analyzed, yielding eHf(t) values between — 5.1 and + 4.4 and two-stage model ages (T,,,,) between
2571 and 3276 Ma. In sample QLG2 (XQS), twenty-three detrital zircons with ages of 1850-2557 Ma were
examined, showing eHf(t) values from —10.0 to+5.4 and T, ages ranging from 2664 to 3115 Ma. In sample
DZG4 (DS), fourteen detrital zircons with ages of 1865-2550 Ma were analyzed, yielding eHf{(t) values from
—-7.4t0+4.9 and T, ages ranging from 2422 to 3451 Ma.

Additionally, detrital zircon Hf isotope analyses were conducted on two further sections from the T,x,
unit, namely the WSS (Wanyuan Shiguansi Section) and TNES (Tongjiang Nuoshuihe Erpingcun Section),
for comparative purposes. At WSS, two samples (WYG2 and WYG3) were examined. Sample WYG2 yielded
data from twenty-four detrital zircons with ages between 758 and 1933 Ma, recording eHf(t) values from -17.9
to+5.8 and T}, ranging from 1351 to 3641 Ma. In contrast, sample WYG3 produced results from twenty
zircons with ages of 707-3455 Ma, exhibiting eHf(t) values from -29.0 to+4.1 and T}, ages between 1452
and 4082 Ma. At TNES, two samples (TJG1 and TJG2) were analyzed. Sample TJG1 yielded eleven zircons with
ages of 1847-1906 Ma, showing eHf(t) values from —13.7 to+31.2 and T}, ;, ages of 542-3364 Ma. Sample T]G2
contained seven zircons with ages of 1854-1924 Ma, recording eHf(t) values from —19.4 to+24.2 and T, , ages
of 1013-3706 Ma.
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Fig. 6. Representative zircon CL images from the GS, XQS and DS sections.
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Clastic particle composition

Point-counting results of detrital grain compositions are presented in Supplementary Table 4. Three samples
from the GS are dominated by quartz (73-81%, avg. 77%), with subordinate feldspars (7-10%, avg. 8%) and
lithic fragments (12-19%, avg. 15%). Within the lithic fraction, sedimentary fragments are most abundant
(37-65%, avg. 52%), followed by metamorphic (15-37%, avg. 25%) and volcanic components (17-27%, avg.
23%). Nineteen samples from the XQS exhibit similar characteristics, with quartz contents of 59-81% (avg.
71%), feldspars of 7-20% (avg. 14%), and lithic fragments of 9-21% (avg. 16%). Among the lithics, sedimentary
fragments dominate (27-63%, avg. 52%), followed by volcanic (16-41%, avg. 29%) and metamorphic types
(11-47%, avg. 18%). Four samples from the DS are also quartz-rich (68-71%, avg. 69%), with feldspars ranging
from 10-16% (avg. 14%) and lithic fragments from 14-21% (avg. 17%). In these lithics, sedimentary fragments
constitute the largest proportion (49-58%, avg. 54%), followed by volcanic (16-33%, avg. 24%) and metamorphic
fragments (18-26%, avg. 22%).
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Discussion

Depositional environment and ages

The lower part of the T,x, in all three sections is predominantly composed of thick sandstone beds with variable
grain sizes and interlayers. At the base, the sandstones commonly display irregular erosional surfaces containing
gravels, which gradually decrease in abundance, grain size, and bed thickness upward. Well-developed
sedimentary structures, including both cross-bedding and parallel bedding, are frequently observed intergrown
within these sandstones. Parallel bedding is typically associated with high-energy river channel deposits, where
sediment-laden flows migrate across the channel floor. The continuous rolling and sorting of grains under
strong hydrodynamic conditions lead to gravity-driven segregation of coarse and fine particles, producing thin
horizontal laminae that are relatively loose and prone to slippage®’. Cross-bedding, on the other hand, results
from frequent lateral migration of braided distributary channels, with rapidly shifting flow directions producing
high-frequency, inclined stratification®®. The large-scale intergrowth of cross- and parallel-bedding therefore
reflects highly variable hydrodynamic conditions within braided distributary river channels on delta plains,
indicating that the lower T,x, was deposited in such an environment.

The upper part of the T,x, is distinguished by widespread soft-sediment deformation structures, including
convolute bedding and slump structures. Convolute bedding is interpreted to result from sediment liquefaction
during deposition, with shear stress from flowing water or downslope gravity-driven movement inducing folding
of primary stratification®. Slump structures formed as entire sediment packages were displaced downslope
under gravitational forces. These features, together with the presence of inverted structures and thick, grey,
sheet-like sandstones (observed in the upper part of the T,x,), are characteristic of rapid deposition under
turbulent hydrodynamic conditions in braided-river estuary bars on delta fronts.

Because sediment deposition postdates the crystallization of detrital zircons, U-Pb dating of detrital zircons
constrains the maximum depositional ages of the sedimentary sequences. In the GS section, sample GJG3
yielded a youngest coherent group of five zircons with an average age of 253.3 Ma. In the XQS section, sample
QLG2 produced a youngest group of eight zircons averaging 260.1 Ma, while in the DS section, sample DZG4
yielded eight zircons with an average age of 267.0 Ma. Collectively, these data indicate a maximum depositional
age of 253.3 Ma. This youngest Permian age is slightly older than the actual deposition, implying that 253.3 Ma
is only a maximum age constraint. Deposition of the T,x, occurred after this time (i.e., during the Triassic).
Many published articles have proved that the youngest detrital zircon ages from the Xujiahe Formation are
around 230-200 Ma*®%, especially a tuff interbedded with Member 5 of the Xujiahe Formation strata obtained
212 Ma in age (Jiang et al.”), which strongly proved the Late Triassic depositional age of the Xujiahe Formation.
Moreover, some Late Triassic biological fossils are also discovered in the Xujiahe Formation, such as Archosaur
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(the earliest dinosaur tracks in China)?. Based on these evidences, we consider that the Xujiahe Formation is
interpreted as a Late Triassic (Norian-Rhaetian) continental sequence; accordingly, we assign the T,x, to a Late
Triassic depositional age.

Source rock features
The geochemical composition of the studied sandstones reflects the influence of source rock composition, paleo-
weathering, and sedimentary recycling. These signatures can be evaluated both quantitatively and qualitatively
through the geochemical characteristics of the sedimentary rocks. Among the most widely applied parameters
is the Chemical Index of Alteration®” (CIA), which assesses the relative proportions of stable feldspars and
mafic minerals to clay minerals, thereby serving as an effective measure of paleo-weathering intensity. Fresh,
unweathered magmatic rocks typically display CIA values of ~40-50, whereas intense chemical weathering may
increase values toward 100%%%. In this study, CIA values for eight sandstone samples from the XQS range from 59
to 67, four sandstone samples from the DS range from 65 to 72, and three sandstone samples from the GS range
from 70 to 74. These results suggest a progressive increase in paleo-weathering intensity, from relatively weak
weathering in the XQS sandstones, to moderate levels in the DS, and the highest degree in the GS sandstones.
Another useful indicator of paleo-weathering intensity is the relative abundance of clay minerals, as
increasing proportions of kaolinite and illite are typically associated with more advanced chemical weathering®’.
Such mineralogical changes are accompanied by systematic geochemical variations, which can be effectively
illustrated on the Al,0,-(Na,O +Ca0)-K,O ternary diagram (Fig. 9a). In this diagram, weathering trends are
expressed as AIZOS—(NagO + CaO) parallel regression lines, which can be used to track the composition of the
original source rocks®”*. In this study, sandstone samples from the GS, XQS, and DS plot to the right of the
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granite weathering trend line, with the exception of a single XQS sample. This distribution suggests that granitic
rocks represent the dominant source for these sandstones.

To better constrain the source rock signatures, trace element compositions provide a reliable tool, as these
elements are relatively immobile during erosion, transport, and diagenesis®***>*>. In this study, sandstone
samples from the GS, XQS, and DS show low La/Th ratios and variable Hf contents (Fig. 9b). The DS samples
predominantly plot within the andesitic arc and mixed felsic/mafic source fields, the XQS samples cluster in the
andesitic arc, felsic, and mixed felsic/mafic fields, while the GS samples lie mainly in or adjacent to the mixed
felsic/mafic and felsic source fields.

REEs systematics provide further insights into provenance. The samples are characterized by high
YLREE/YHREE ratios (10.78-22.72) and pronounced negative Eu anomalies, with Eu/Eu* values ranging from
0.59 to 0.82, as shown in chondrite-normalized REE diagrams (Fig. 5). These features are typical of felsic source
compositions***4, on the Eu/Eu* versus Th/Sc diagram (Fig. 9¢), all samples plot within the unevolved to evolved
felsic source fields, confirming their derivation from felsic provenance.

Geochemical ratios further support this interpretation. Elevated La/Sc (5.43-10.67), Th/Cr (0.20-0.49),
Th/Co (0.91-2.49), and Th/Sc (1.02-2.10) ratios align these sandstones with the chemical signatures of upper
continental crust and siliceous sandstones, distinguishing them from lower crustal, oceanic crustal, or mafic
sandstone compositions*>. Moreover, discrimination diagrams such as SiO,~Zr/Sc, Zr/Sc-Th/Sc, Rb-K,O, and
La/Sc-Co/Th (Fig. 10) consistently place the samples within the fields of quartz-rich sandstones and mudstones,
upper crustal sources with multiple recycling episodes, intermediate-acidic rocks, and felsic rocks. Collectively,
these geochemical features strongly indicate that the primary source rocks of the GS, XQS, and DS sandstones
were predominantly upper crustal felsic rocks.
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Detrital zircon provenance

Detrital zircon records provide a robust tool for constraining sediment provenance and tracing crustal evolution
of source terranes. Because recycled sediments can yield detritus with similar bulk chemical compositions, precise
source discrimination requires integration of detrital zircon geochronology and isotope geochemistry*®->°. In
this study, detrital zircons extracted from the GS, XQS, and DS sandstones display similar age distributions
with shared peaks at~2500 Ma, ~ 1800 Ma, and 500-200 Ma (Fig. 11), suggesting a broadly mixed provenance
with variable contributions. Previous work has proposed that the T,x, was deposited in the Late Triassic, with
potential sediment contributions from the Qinling Orogenic Belt, Songpan-Ganzi Terrane, North China Block,
and Yangtze Block.

The Yangtze Block is characterized by detrital zircon age peaks at ~2500 Ma, 2000-1800 Ma, and ~ 800 Ma
(Fig. 11). The 2500 Ma and 1800 Ma peaks correlate well with the T,x, spectra; however, the absence of
the ~800 Ma peak in most samples, together with the prominent 500-200 Ma peak, indicates that the Yangtze
Block alone cannot account for the full provenance. Similarly, the North China Block exhibits major peaks
at~2500 Ma, ~2300 Ma, ~ 1800 Ma, ~450 Ma, and ~ 270 Ma. While several of these match the T,x, distributions,
the 2300 Ma peak is absent, and the geographic separation of the North China Block from the depositional
setting further weakens its role as a direct source.

The Songpan-Ganzi Terrane displays detrital zircon peaks at~2500 Ma,~1850 Ma,~800 Ma, and 450-
260 Ma (Fig. 11). The 2500 Ma, 1800 Ma, and 450-260 Ma peaks correspond well with the T,x, spectra, and
the minor~800 Ma peak may explain the small zircon population in that range. However, lithic fragment
compositions and zircon Hf isotopes show inconsistencies with a direct Songpan-Ganzi source!®>%2, implying
instead that this terrane may have contributed indirectly through sedimentary recycling. The Qinling Orogenic
Belt provides a more plausible contributor. The North Qinling segment shows zircon peaks at~2500 Ma,
900-750 Ma, 400 Ma, and ~ 200 Ma, whereas the South Qinling segment records peaks at ~2500 Ma, ~ 750 Ma,
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Fig. 11. Detrital zircon age distributions of Northern Qinling, Southern Qinling, Southern North China,
Northern Yangtze, Western Yangtze and Songpan-Ganzi Blocks compared to the studied samples (data are
from She®?, Tang et al.>!, Gong et al.!® and references therein).
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and ~450 Ma (Fig. 11). Both belts, however, lack a distinct 1800 Ma peak, and instead display additional peaks
(~900 Ma and ~ 750 Ma) that are weak or absent in the T,x, spectra.

Taken together, these data indicate that the T.x, sediments cannot be attributed to a single terrane, but
instead reflect a mixed provenance. The most consistent explanation is a combination of sources from the
Qinling Orogenic Belt and the Yangtze Block, with possible minor input from recycled Songpan-Ganzi material.
This interpretation is further supported by zircon age-eHf{(t) systematics: detrital zircons from five T,x, sections
(GS, XQS, DS, WSS, TNES) show age peaks and eHf(t) values broadly consistent with those of the South Qinling
Belt and the Yangtze Block (Fig. 8).

The sedimentological framework also corroborates this provenance model. Previous studies have suggested
that the Xujiahe Formation (T,x,) represents a braided river delta system located at the junction of the Qinling
Orogenic Belt and Yangtze Block, where major paleorivers transported sediments southward to form littoral
deltas along the Paleo-Tethys margin®!°. In the eastern regions, additional river systems flowing east-west
further imply sediment supply from both the Yangtze Block and the adjacent orogenic belts, reinforcing the
interpretation of a multi-sourced depositional system for the T,x, Formation.

Tectonic settings

Sandstone samples from the GS, XQS, and DS are characterized by high quartz contents, low proportions
of feldspar and lithic fragments, and a dominance of sedimentary fragments within the lithic fraction. Such
mineralogical assemblages typically indicate derivation from recycled crustal sources® . This interpretation
is supported by Qt-F-L, Qm-F-Lt, and related ternary diagrams (Fig. 12a-d), where the samples consistently
plot within the recycled orogen field, more specifically within the quartzose recycled subfield. This suggests that
the sediments were mainly derived from an orogenic tectonic setting, consistent with erosion of the Qinling
Orogenic Belt. Additional support is provided by Qp-Lv-Ls and Qm-P-K diagrams (Fig. 12e, f), in which
the samples plot within fields of mixed orogenic and continental derivation, further reinforcing the Qinling
provenance.

Trace-element discrimination diagrams provide complementary evidence. In La-Th-Sc, Th-Sc-Zr/10, Th-
Co-Z1/10, and Ti/Zr-La/Sc plots (Fig. 13), the sandstones fall primarily within passive margin and secondary
continental island arc fields, suggesting that the Qinling source underwent tectonic transition from an active
continental island arc to a passive margin setting. This inference is corroborated by major-element discrimination
diagrams (K,0/Na,0-5i0,/Al,0,, Fe,0,+MgO-TiO,, SiO,-K,0/Na,O, and Fe,0,+MgO-Al0,/Si0;
Fig. 14), where the samples consistently fall within passive margin fields, indicating that the sedimentary detritus
derived from the Qinling Orogenic Belt was deposited under long-lived passive margin conditions. This suggests
that although the Qinling Belt was tectonically active during the Triassic, the Sichuan Basin acted as a foreland
basin with passive-margin characteristics during deposition, allowing sediment from the active orogen to
accumulate under relatively stable conditions.

From a geodynamic perspective, the study area formed part of a foreland basin during the Late Triassic
At this time, the Paleo-Tethys Ocean was closing in a scissor-like fashion from east to west**. Along the eastern
margin, the Yangtze and North China blocks had already amalgamated along the Qinling Orogenic Belt, while
the western part of the Paleo-Tethys remained as a gulf system. Numerous paleorivers drained into this gulf,
constructing extensive braided river delta plains. The study area was located at the northeastern corner of this
gulf, where multiple NE-SW-trending paleorivers transported abundant detritus from the Qinling Orogenic Belt
and Yangtze Block. This continuous supply of sediments ultimately led to the accumulation of the exceptionally
thick Xujiahe Formation (Fig. 15).

6,13,58

Conclusions

This study integrates stratigraphic, petrographic, whole-rock geochemistry, and detrital zircon U-Pb-Hf isotopic
data to constrain the depositional age, provenance, and tectonic setting of the second member (T,x,) of the
Xujiahe Formation in the northeastern Sichuan Basin. The results indicate that these sandstones were deposited
during the Late Triassic in a braided river delta environment, as evidenced by their sedimentary structures,
grain-size variations, and facies architecture. Whole-rock geochemistry and CIA values suggest a low degree of
paleo-weathering, with source rocks dominated by upper-crustal felsic lithologies.

Detrital zircon geochronology reveals distinct age populations at~2.5 Ga, 1.8-2.0 Ga, and 500-200 Ma,
reflecting mixed provenances. Comparison with zircon age spectra from adjacent tectonic blocks demonstrates
that both the Qinling Orogenic Belt and the Yangtze Block were the principal sources of detritus, with additional
recycling contributions from older sediments. Zircon Hf isotopic data further confirm derivation from upper
continental crustal sources, consistent with felsic provenance signatures in trace-element systematics.

Tectonic discrimination diagrams consistently point to a passive margin depositional setting, following an
earlier arc-related phase. The Xujiahe basin was positioned at the southern flank of the Qinling Orogenic Belt
during the final stages of Paleo-Tethys closure, with several paleo-rivers transporting sediments southwestward
into a foreland basin.

Collectively, these results provide robust constraints on the timing, provenance, and tectonic evolution of
the Xujiahe Formation. The findings not only resolve long-standing debates regarding its depositional age and
source terranes but also contribute to a better understanding of Late Triassic basin evolution in South China.
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