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Abstract

Volcanic eruptions can provide large amounts of sedimentary materials and ex-
pose fluvial valleys or lakes to catastrophic hyperpycnal flood events, but this
process has not been documented in detail. The Ordos Basin Permian fluvio-
deltaic system reveals evidence for abundant volcanism linked to the tectonic
evolution of orogenic belt around the basin and provides a ‘natural laboratory’ for
investigating hyperpycnal flows associated with volcanic activity. This study ana-
lysed volcanic matrix-rich sandstone (VMS) samples for petrology, mineralogy
and geochemistry in order to address current and uncertain volcanogenic mate-
rial provenance explanations and the lack of systematic investigations into the
depositional and diagenetic processes of volcanic related sediments in the south-
western basin. By combining tectonic background surveys, detrital zircon geo-
chronology and spatial distribution of volcanogenic materials, it was found that
volcanogenic materials were not derived from the Yinshan-Yanshan Orogenic
Belt (YYOB) as previously thought, but instead evidence a southwestern origin
from the North Qinling Orogenic Belt (NQOB). Volcanogenic materials retained
in the provenance area during frequent volcanic eruptions were transported to
the basin via fluvial systems shortly after the eruption. The associated sediments
meet the criterion for hyperpycnites based on lithofacies associations, suggesting
the occurrence of hyperpycnal flows during the deposition of VMS. During the
subsequent burial stage, the VMS became three distinct types defined by their
volcanic matrix content and have similar paragenetic sequences but different dia-
genetic intensities. The differing content of authigenic minerals in the three types
was closely related to the sandstone pore structure characteristics and the evolu-
tion of volcanic-matrix alteration materials. This article proposes a possible expla-
nation for the previously unidentified tectonothermal events in the NQOB during
the Permian, validating and reinforcing the theoretical work of hyperpycnal flow.
This contribution provides new insights and understanding of the depositional
and diagenetic processes of lacustrine basins with similar tectonic settings.
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1 | INTRODUCTION

Complex interrelationships may exist between topogra-
phy, depositional systems and volcanism in volcanically
active basins (Chen et al., 2022; Lenhardt et al., 2011;
Magee et al., 2014). Previous studies suggest that volumi-
nous volcanic eruptions are likely to change surface topog-
raphy, increase the occurrence of landslides, locally block
or create axial fluvial systems, modify existing sedimen-
tary settings and even re-establish fluvial, lacustrine and
marine environments (e.g., Ebinghaus et al., 2014; Magee
et al., 2013; Reidel & Tolan, 2013). Additionally, explosive
volcanism can greatly enhance the density of river dis-
charges and provide large amounts of volcanogenic mate-
rials to resulting sedimentary deposits (Mulder et al., 2001,
2003; Plink-Bjorklund & Steel, 2004). These volcanogenic
materials generated by paroxysmal volcanic eruptions can
propagate over considerable distances through air, water
or a combination thereof (White & Houghton, 2006). For
subaerial eruptions, the extent and thickness of volcano-
genic materials are influenced by syn-depositional factors
(including eruption volume, proximity to volcanic centres,
pre-volcanic paleo-topography, prevailing wind direction)
and post-depositional processes (including reworking
or mixing due to waves, storms, sediment dilution and
condensation) (Hong et al., 2019; Millett et al., 2021; Ver
Straeten, 2004). The sedimentary sequences associated
with volcanism provide an abundance of evidence about
the volcanic history linked to tectonic evolution and depo-
sitional processes (Richards et al., 2005). However, it is
still challenging to make an accurate assessment of the
sedimentary processes and tectonic significance of vol-
canogenic materials based on their petrological and geo-
chemical characteristics.

There is increasing evidence of a direct and abundant
supply of sediment from rivers in flood to the inner basin via
hyperpycnal flows (Zavala & Arcuri, 2016), providing new
perspectives for the understanding of fluvio-deltaic system.
Frequent tectonic movements and earthquakes, large topo-
graphic slope, seasonal floods and typhoons are the main
controlling factors for triggering hyperpycnal flow (e.g.,
Mulder & Syvitski, 1995; Mutti et al., 2003; Plink-Bjorklund
& Steel, 2004; Zavala et al., 2006). Compared with marine en-
vironments, lacustrine basins are more sensitive to sediment
dispersal processes, making them easier to cause hyperpyc-
nal flow (Liu et al., 2021). In tectonically active mountain
belts, explosive volcanic eruptions favour the breaking of
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temporary dam lakes, exposing fluvial valleys and lakes to
catastrophic hyperpycnal flood events (Dadson et al., 2004;
Mulder et al., 2003). Due to the long periodicity and unpre-
dictability of volcanic events, there has not been an applica-
ble case for linking hyperpycnal flows with volcanic activity
in any modern fluvio-deltaic system. However, the ancient
Permian fluvio-deltaic system in the Ordos Basin provides a
‘natural laboratory’ for researching the link between hyper-
pycnal flow processes and volcanic activity.

Due to their poor chemical stability, volcanogenic mate-
rials are more likely to be devitrified or altered during the
process of reservoir diagenesis (Summa & Verosub, 1992).
In particular, microcrystalline and highly reactive volcanic
ash with a large surface area can exert a stronger influence
on diagenetic processes than volcanic debris (Hesse &
Schacht, 2011; Murray et al., 2018). Alteration of volcano-
genic materials contributes to precipitation of different au-
thigenic minerals and (re)crystallisation of various mineral
phases (e.g., clay minerals, zeolites, calcite and dolomite)
(Antibus et al., 2014; Capo et al., 2000; Dill, 2016; Fisher &
Schmincke, 1984; Huff, 2016; Spears, 2012; Zhu et al., 2019).
Therefore, the prediction and evaluation of volcanogenic
material alteration play an important role in the reservoir
diagenesis of deeply buried prospects. Although the alter-
ation processes of volcanic ash and its resulting products
have been extensively studied (Crovisier et al., 1983), previ-
ous work mainly focused on individual volcanic ash beds,
with only a few studies investigating diagenetic character-
istics, chemical reaction and material transformation be-
tween terrestrial debris and volcanic ash matrix.

The volume fraction of volcanogenic materials was
generally between 5.0% and 17.0% in the Upper Palaeozoic
sandstone reservoirs of the Ordos Basin (Yang et al., 2006).
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These volcanogenic materials were determined to be de-
rived from volcanism at the orogenic belt of the Ordos
Basin margin (Shen et al., 2017). However, questions still
remain: Were the volcanogenic materials in different re-
gions of the same provenance attribute? How can volcanic
ash be deposited in large quantities mixed with terrige-
nous debris via long-distance transport? How did these
volcanogenic materials affect reservoir quality during the
diagenesis? Therefore, the purpose of this study is to: (1)
present new conjecture on the origin of volcanogenic ma-
terials and reveal the possible tectonothermal events in
the southwest margin of the basin during the Permian;
(2) confirm the existence of hyperpycnal flows in fluvio-
deltaic system and establish a link between volcanism and
hyperpycnal flows and (3) examine the diagenetic pro-
cesses involved in volcanic matrix alteration.

2 | GEOLOGIC SETTING

The Ordos basin is a typical multi-cycle superposed
petroliferous basin in China (Zhu et al., 2020). It can be
divided into six first-order tectonic units based on their
structural evolution (He et al., 2017; Tan et al., 2019). The
study area, the Longdong Region, is located in the south-
western part of Ordos Basin southwest of the Yishaan
Slope and southeast of the Tianhuan Depression, covering
approximately 54,000 km? (Figure 1a).

The Yinshan-Yanshan Orogenic Belt (YYOB) in
the north and the Qinling Orogenic Belt (QOB) in the
south became two major provenance areas during the
Late Palaeozoic (Figure la,d) (Chen et al., 2021; Liang
et al., 2020). The northern boundary was the active con-
tinental margin in the Permian, and the subsequent col-
lision between the Siberian plate and the North China
plate resulted in the extinction of the Paleo-Asian Oceanic
Crust and the relative uplift of the northern YYOB (Zhang
et al., 2007; Zhao et al., 2016). The QOB is a composite con-
tinental orogenic belt with complex crustal composition
and structure, which can be further divided into two parts:
The South Qinling Orogenic Belt (SQOB); and the North
Qinling Orogenic Belt (NQOB) (Dong et al., 2011). During
the Late Palaeozoic, the Mianlue Oceanic Crust gradually
subducted to the north, with a transform tendency from pas-
sive to active continental margin (Figure 1d) (Ratschbacher
et al., 2003). The NQOB uplift occurred earlier, and it is
believed that the northern margin of the Shangdan Ocean
crust began to subduct northward under the North China
Craton (i.e., the Ordos Basin) around 530-470 Ma (Dong &
Santosh, 2016). After the closure at ca. 450 Ma, the collision
between the NQOB and the North China Craton (the Ordos
Basin) occurred, followed by rapid uplift accompanied by
tectonothermal events (Figure 1d) (Dong et al., 2011).

The basin's floor is composed of Archean and Lower
Proterozoic metamorphic rocks, and the sedimentary cover
is composed of Lower Palaeozoic marine carbonate rocks,
Upper Palaeozoic littoral clastic rocks and Mesozoic conti-
nental clastic rocks (Zhu et al., 2017). During the Caledonian
orogeny, the basin was gradually uplifted becoming denuded
by the Middle Ordovician, resulting in the erosion or sedi-
mentary hiatus of the Upper Ordovician, Silurian, Devonian
and Lower Carboniferous strata. The Carboniferous-
Permian coal-measure petroleum system, which developed
during the craton depression stage of the basin, includes the
Carboniferous Benxi Formation (C;b), the Lower Permian
Taiyuan Formation (P,f) and Shanxi Formation (P,s), the
Middle Permian Lower Shihezi Formation and Upper
Shihezi Formation (P,h), and Shigianfeng Formation (P5q)
of the Upper Permian (Figure 2) (Chen et al., 2021). The
Shanxi 1 Member (P,s;) of P,s and Shihezi 8 Member (P,hy)
of P,h was the main study interval. Tuffaceous sandstones
are widely distributed at the bottom of these two mem-
bers. Meandering-river deltas were developed during the
sedimentary period of P,s; (Figure 1b) (Zhu et al., 2021).
However, due to gradual climate change from humid to arid,
the delta plain area expanded in the sedimentary period of
P,hg and the sedimentary facies gradually changed into
braided river-delta systems (Figure 1c) (Zhu et al., 2021).

3 | SAMPLES AND ANALYTICAL
TECHNIQUES

In this study, 794.5 m of cores extracted from 32 wells of
P,hg and P,s; in the Longdong Region were examined.
Depositional processes identified in cores were described
in detail, including lithology, grain-size variations, support
mechanism, sedimentary structures, plant/mica remains
and colour. Analyses of flow types and processes were
performed through lithofacies classification and interpre-
tation, followed by the determination of sedimentary envi-
ronments. To observe and discuss the diagenesis involving
volcanogenic materials, more than 300 samples from 32
cored wells were collected for various petrographic and
geochemical analyses. These selected samples were mostly
from medium-grained sandstones to fine-grained conglom-
erates (average grain size ranges from 0.25 to 10mm) be-
cause the diagenetic phenomena of these deposits are more
prominent than that observed in other lithologies.

3.1 | Petrography and scanning
electron microscopy

A total of 276 thin sections were made to investigate
mineralogical characteristics, occurrences and habits.
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FIGURE 1 (a)Main geotectonic units of the Ordos Basin and location of the study area (modified from Zhu et al., 2020); (b) Distribution
of the sedimentary facies of P,s;; (c) Distribution of the sedimentary facies of P,hg; (d) Regional tectonic model of the Ordos Basin and
north-south orogenic belt during the Permian (modified form Dong et al., 2011; Dong & Santosh, 2016; Jiang et al., 2020).

More than half were impregnated with blue epoxy resin
to observe pore characteristics, and some were stained
with alizarin red-S solution. All the images were cap-
tured by metallographic microscope BX51 produced by
Olympus, and the optical acquisition system is Olympus
Stream provided by Olympus Soft Imaging Solutions
GmbH. Images were photographed under the same con-
ditions at a resolution of 2400 x 1800 pixels and stored
as a JPG file.

Grain size measurements were performed with an
automatic image-analysis microscope in a stable envi-
ronment, with a temperature of 25°C and a humidity of
60%. Thin section grain size images required more than
400 grains per sample. The computer automatically sum-
marised grain size distribution based on predefined pa-
rameters and drew cumulative curves. The curve shape
reflects conditions of the sediment transport process and
thus can be used as a tool in environmental interpretation
(Boggs, 2006).

CL8200 Mk-2 model system of Cambridge Image
Technology Ltd was used for Cathodoluminescence (CL),

attached to a microscope with a camera system. The stable
electron beam can reach a voltage of 10-30kV and a cur-
rent value of 100-300mA. Because the samples differed in
luminescence, the exposure time varied from 1 to 8 s was
taken to ensure the image clarity.

Seven VMS samples were selected for surface and
morphology observation. SEM-Hitachi-SU8010 and en-
ergy dispersive spectroscopy (EDS) attached to scanning
electron microscopy were adopted for this analysis. To
capture better images, a gold film was coated onto the
surface of freshly broken rock. At high acceleration
voltage (20kV), the SU8100's secondary electron image
resolution is 1 nm. The accelerated voltage ranges from
0.1 to 30kV, and the magnification ranges from X20 to
%x800,000.

3.2 | Geochemistry

A quantitative analysis of major elemental compositions
was conducted, and backscattered electron (BSE) images
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mudstone

were obtained for six samples with a JEOL JXA-8100 elec-
tron microprobe. We focused on in-situ elemental com-
position of altered volcanic ash and its associated clay
minerals in these samples. Experimental conditions were
set as follows: voltage is 15kV; current is 10 nA and elec-
tron beam diameter is 1 pm. Magnification ranges from
%30 to x40,000 and the analytical range is element atomic
with numbers 5 to 92 (B-U).

The content of trace and rare earth elements in six
tuff samples that lacked terrigenous detrital grains were
measured in this study. The grain size of the samples was
ground to 74pm or less and analysed via the sensitive
quadrupole-based ICP-MS (ICP-QMS, XSeries2, Thermo
Fisher Scientific, Bremen, Germany). The samples were
pre-dried at 105°C for 2-4 h and cooled down to room
temperature in the drying oven. Then the samples were
dissolved by HNO; (42 g/ml) and HF (16 g/ml) in a closed
reaction vessel. The hydrofluoric acid was evaporated on
a hot plate after complete reaction. Finally, a further 25 ml

P ] - = Em g

sandstone

limestone calcareous coal bauxite study tuffaceous
estone T udstone bed bed interval  sandstone

of HNO; and water were added for the determination of
ICP-MS. The analytical precision for all elements is <5%
based on the duplicate analyses of samples and standards
(National Standards in China, DZ/T0223-2001).

3.3 | Fluid inclusions

Five silicone-cement-rich samples were selected for
fluid inclusion homogenisation temperature and ice-
melting temperatures. This experiment was performed
on the Linkam THMS-600 heating and freezing stage
(Temperature: 26°C, Humidity: 35%, Temperature meas-
urement range: —100 to 400°C). Prior to conducting
measurements, petrographic observations were required
to characterise the size, shape, occurrence of fluid inclu-
sions and the proportion of liquid versus gas phases. The
measurements of homogenisation temperature preceded
the freezing runs to avoid stretching of the inclusions by
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ice nucleation. During heating runs, the heating rate was
10°C/min decreasing to 1-2°C/min when approaching
the to the phase transition point. During cooling runs, the
fluid inclusions were frozen completely and then the tem-
perature was increased at a heating rate of no more than
0.5°C/min. The salinity was calculated by measuring the
melting point temperature following ice points of H,O-
NaCl (Bodnar, 1993).

4 | FACIES ANALYSES

According to the colour, sedimentary structure and grain
size characteristics, 13 lithofacies (LF) are recognised.
Detailed descriptions of different lithofacies are shown in
Figures 3 and 4. Based on the occurrence of different litho-
facies, five principal facies associations (FA) (Figure 4) in
the P,s; and P,hg are identified and delineated.

4.1 | Facies association 1

4.1.1 | Description

FA1 corresponds mainly to conglomerates and sandstones
deposits arranged into a series of fining-upward cycles.
The deposits are typically 1-1.5 m in thickness and as
single layers. Greyish-white structureless conglomerates
(LF1, Figure 4a) and normally graded conglomerates (LF2,
Figure 4b) (thickness <30cm) are observed at the bottom
of the single sand bodies with low sorting and a common
matrix-supported texture. Towards the middle of the single
sand bodies, the deposits are constituted by planar-bedded
or low-angle-stratification fine-grained conglomerates
(LF3, Figure 4c). The gravels are mainly imbricated follow-
ing diffuse subhorizontal alignments. Additionally, fine-
grained conglomerates interbedded with pebbly sandstones
with diffuse lamination (LF4, Figure 4d) are also developed
and sometimes indistinguishable from LF3. The thick-
nesses of LF3 and LF4 can reach tens of centimetres but
generally cannot exceed 60cm. These two lithofacies are
dominated by clast-supported textures, although matrix-
supported textures do exist. Compared with LF1 to LF2,
the sorting varies from moderate to good. The top of single
sand bodies is characterised by planar-bedded pebbly sand-
stones (LF5, Figure 4e) and trough or tabular cross-bedded
pebbly sandstones (LF6) ranging from 0.4 to 1 m thick.

4.1.2 | Interpretation

Structureless conglomerates (LF1) and normally graded
conglomerates (LF2) are common as channel-filling gravel

sheets, which are often identified as erosional surfaces re-
lated to channel migration (Ebinghaus et al., 2014). These
deposits are attributed to rapid deposition as a result of floods
or levee breaches (Collinson, 1996). According to the con-
ceptual schema associated with hyperpycnal systems pro-
posed by Zavala et al. (2011), LF1 and LF2 can be regarded
as Facies Bl (bedload, massive and crudely stratified con-
glomerates with abundant matrix), which are interpreted
as gravel-rich traction current. Planar-bedded or low-angle-
stratification fine-grained conglomerates (interbedded with
pebbly sandstones) (LF3 and LF4) may also occur after
floods or high flow stages (Ebinghaus et al., 2014). Irregular
interbedding of fine-grained conglomerates with pebbly
sandstones may be associated with periods of increasing
or decreasing discharge during floods (Mulder et al., 2001,
2003). At the top of the single sand bodies, planar-bedded
pebbly sandstones (LF5) and trough or tabular cross-bedded
pebbly sandstones (LF6) are the results of migrating dunes
in fluvial channels (Ebinghaus et al., 2014). LF5 and LF6 are
attributed to Facies B3 (pebbly sandstones with diffuse sub-
horizontal stratification) and Facies B2 (pebbly sandstones
with low-angle asymptotic cross-stratification), respectively
(Zavala et al., 2011). Accordingly, these deposits are inter-
preted by the combined effect of bed load and the gravita-
tional segregation of sandstone materials transported in the
overpassing hyperpycnal turbulent flow (Zavala et al., 2011).
Therefore, this FA is identified as having been deposited
in multi-phase conglomeratic-sandy distributary channels
dominated by flood events (Miall, 1985; Xian et al., 2018).

4.2 | Facies association 2

42.1 | Description

FA2 is comprised principally of brick-red, greenish grey,
light grey and variegated mudstones and siltstones, which
may be interbedded with thin layers of fine-grained sand-
stones. The mudstones and siltstones are observed with
planar lamination, wavy bedding (LF12) or structureless-
ness containing fossil flora remains (LF13), while the in-
terbedded fine-grained sandstones generally display weak
traction structure (such as wedge cross stratification and
low-angle cross stratification) with individual lamination
and a thickness of less than 0.5 cm. These deposits are
common in the study area, varying in thickness from tens
of centimetres to a few metres for a single unit.

4.2.2 | Interpretation

The brick-red colour suggests oxidising conditions, while the
occurrence of discontinuous silt levels reflects alternating high
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. . . . Flow type Main
Grain size Lithofacies Sketch Characterization prediction distribution
The largest clasts (>0.5cm) in random Gravel-dominated
(1) orientation are embedded in the matrix. traction current,
The overall texture is matrix-supported bed-load
) The lz_irgest glasts (>O.§cm) are Gravel-dominated
(2) 1mbr1cgted in ?he matrix. The overall traction current,
texture is matrix-supported bed-load
Fine-grained conglomerate with diffuse Grav.el—dominated
(3) lamination. The overall texture is traction current,
clast-supported bed-load
Fine-grained conglomerate is Gravel-dominated or
4) interbedded with pebbly sandstone sandy traction current,
with diffuse lamination bed-load
. L. Sandy traction current,
(5) Pebbly sandstone with diffuse lamination bed-load
=
(6) Pebbly sandstone with climbing dunes Transitional flow, 3
or low-angle asymptotic dunes traction plus fall out g
)
) =
= ~
g 7) Massive pebbly sandstone with rip-up Transitional flow,
-g mudstone clasts traction plus fall out
&
8) Massive medium/fine-grained sandstone. Sandy turbidity currents
( These sandstones commonly integrate ytu ycu ’
monotonous suspended-load
9) Medium/fine-grained sandstone with Sandy turbidity currents,
planar lamination suspended-load
— (10) Sandstones and siltstones with climbing Silt(mud)-rich turbidity g
T ripples or wave ripples currents, suspended-load S
IS
©
Interbedded siltstone and fine-grained . . o
11 sandstone with a gradational contact Sandyor silt(mud)-rich Es
(1 boundary between coarsening-upward  turbidity currents, RZ)
graded unit and fining-upward graded unit suspended-load @)
Siltstone and fine-grained sandstone are Sandy or silt(mud)-rich
( 1 2) interbedded frequently turbidity currents,
suspended-load
(13) Massive siltstone or mudstone with plant The collapse of the
debris and mica fine-grained suspension

FIGURE 3 Conceptual schema and characteristics of 13 lithofacies recognised in the study area. Lithofacies are divided mainly by grain
size and sedimentary structures. From Lithofacies 1 to Lithofacies 13, there may be a transformation from traction to turbidity current. VMS
are mostly distributed in Lithofacies 3 to Lithofacies 9.

deposition may have formed during a decreasing flow stage.
Accordingly, FA2 is interpreted here as the settling of silt and
mud suspension in a fluvial overbank (Paredes et al., 2009).

and low river energy and discharge (Liu et al., 2022). Therefore,
silt deposition may take place after floods and during an in-
creased flow stage (Ebinghaus et al., 2014,), and the mud
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4.3 | Facies association 3 thick basal portion of the unit. Internally, the fine-grained

4.3.1 | Description

Mainly composed of clast-supported sandstones, the FA3
deposits are typically 0.2-1.0 m in thickness and as single
layers. This FA shows a fining upwards tendency. Fine-
grained conglomerates interbedded with pebbly sand-
stone (LF4, Figure 4d) are observed at the 10 to 30cm

conglomerates are imbricated and are seen to follow dif-
fuse subhorizontal alignments. Pebbly sandstones with
traction structures (e.g., wedge cross stratification, low-
angle cross stratification and diffused lamination) (LF5
and LF6, Figure 4f) are observed above LF4. Light grey-
coloured pebbly sandstones with floating clasts (LF7,
Figure 4g) are occasionally observed jointly with LF5 and
LF6. These floating clasts are generally dark-coloured
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rip-up mud, reaching 8 cm in length and commonly ex-
hibited horizontal alignment. The middle and top of the
single sand bodies gradually changes into fine-grained
sandstone with massive and parallel stratification (LFS8,
Figure 4h and LF9, Figure 4i). Commonly integrated
monotonously and homogeneously, internally these two
lithofacies show subtle and gradual grain-size variations.
Although FA3 evidenced remarkably similar charac-
teristics to FA1, it differs in the lower proportion of con-
glomerates and the monotonous and homogeneous fine/
medium-grained sandstones at the top of the units.

4.3.2 | Interpretation
Compared with FA1, the decrease in gravel concentration
and flow momentum is more obvious in FA3. The single
sand bodies can be vertically divided into two parts. The
underlying deposits (LF4) are eroded to a certain extent,
forming erosional channels. The development of traction
structures (LF5, LF6 and LF7) at the bottom of the single
sand bodies is indicative of that strong channelised under-
flows and hydrodynamic conditions. Overall, the lower
half of the single sand bodies are characterised by both
lateral and downstream accretion. During the deposition
of the top portion of the single sand bodies, hydrodynamic
conditions decrease gradually. The widely developed mas-
sive and parallel stratification (LF8 and LF9) can be related
to the aggradation by long-lived flows with high suspended
loads (Camacho et al., 2002; Kneller & Branney, 1995).
According to the conceptual schema associated with hy-
perpycnal systems proposed by Zavala et al. (2011), LF8
and LF9 are attributed to Facies S1 (suspended, massive
sandstones) and Facies S2 (suspended, tabular fine-grained
sandstones), respectively. These indicate river mouth de-
posits continuously fed by a long-lasting, fluctuating, and
dilute turbulent flow (Mutti et al., 1996; Zavala et al., 2011).
Therefore, this FA is indicative of the development of
underwater distributary channels at the delta front.

1867
Research EfeacE—\W| LEY-12
4.4 | Facies association 4
4.4.1 | Description

Composed of moderate grey to dark grey, massive mud-
stone with planar laminated and discontinuous silt lev-
els, FA4 is also possibly accompanied by slump structures
(LF12, Figure 41 and LF13, Figure 4m,n). In this facies as-
sociation, abundant well-preserved plant debris and mica
remains are recognised. Additionally, this unit exhibits a
few interbedded greenish-grey tuffs (Figure 40) and gloss
black coals. Like FA2, units of FA4 reaches thicknesses
of up to a few metres. Although FA4 evidences remark-
ably similar characteristics to FA2, it differentiates due to
its darker colour, higher concentrations and smaller plant
debris, and a lower proportion of siltstones/sandstones.

4.4.2 | Interpretation

The moderate grey to dark grey colours suggest reducing
conditions, while the fine grain size implies deposition
from suspension in a low gradient setting (Miall, 1985;
Paredes et al., 2009). Abundant plant debris and mica re-
main in mudstones are considered a diagnostic criterion
for hyperpycnites (Zavala et al., 2011). Therefore, FA4 is
interpreted as forming from the deposition of fine-grained
suspension that may accompany the collapse of suspen-
sion. These deposits may be attributed to an interdistribu-
tary bay or muddy prodelta environment in river floods
(Liu et al., 2022; Sparks et al., 1993).

4.5 | Facies association 5

4.5.1 | Description

Comprised principally of massive fine-grained sand-
stones or siltstones with a few interbedded mudstones,

FIGURE 4 Facies associations of P,s; and P,hg in Longdong Region. Five principal facies associations are identified and delineated.
According to the transport mechanism and grain size of sedimentary rocks, we selected following typical photos that can reflect the

sedimentary structural characteristics: (a) Grey conglomerate with erosion surface. Well-rounded gravel composition over 2 cm in diameter
can be observed. Well ZT2, P,hg, 5044.3 m; (b) Greyish-white conglomerate with gravels in imbricated sub-horizonal alignments. Well QT2,
P,hg, 4728.6 m; (c) Greyish-white conglomerate with diffuse lamination. Well L2, P,hg, 4762.6 m; (d) Interbedded conglomerate and pebbly
sandstone. Well QT4, P,hg, 4325.8 m; (e) Greyish-white pebbly sandstone with diffuse lamination. Well L2, P,hg, 4773.6 m; (f) Greyish-white
coarse-grained sandstone with asymptotic cross stratification. Well L1, P,s;, 4257.1 m; (g) Grey pebbly sandstone with rip-up mudstone
clasts. Well L6, P,s;, 4479.66 m; (h) Grey massive fine/medium-grained sandstone. Well L20, P,s;, 3830.2 m; (i) Grey fine-grained sandstone
with parallel lamination; Well Li54, P,hg, 3945.5 m; (j) Siltstone interbedded with fine-grained sandstone. Climbing ripples developed
frequently. Well L6, P,s;, 4748.34 m; (k) Siltstone interbedded with fine-grained sandstone. Lithological abrupt interface developed
frequently. Well L8, P,s;, 4328.9 m; (1) Interbedded siltstone and fine-grained sandstone. Well L16, P,s;, 4088.2 m; (m) Dark grey siltstone
with mica remained. Well Li55, P,s;, 3712.0 m; (n) Dark grey mudstone with terrigenous plants. Well L3, P,s;, 4078.72m; (o) Thin layers of
grey-green tuff, Well CT3, P,s;, 3748.0 m.
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FAS5 unit thicknesses ranges from 0.2 to 0.8 m and
has been subdivided into three distinct lithofacies:
(1) LF10—composed of fine-grained sandstones with
climbing ripples or wave ripples (Figure 4j), which com-
monly grades vertically with LF9. (2) LF11—composed
of interbedded fine-grained sandstones and siltstones
with a gradational contact between coarsening-upward
unit and fining-upward unit (Figure 4k). (3) LF12—
composed of planar laminations or wavy-bedded mud-
stones and siltstones, also observed in FA2 and FA4.
By contrast, LF12 in FA5 units may be accompanied by
a slump structure. Additionally, well-preserved plant
debris and mica remains can be observed in the above
three lithofacies.

4.5.2 | Interpretation
These deposits are generally controlled by both fluvial and
lacustrine processes formed under low-energy hydrody-
namics, occurring mainly on the distal delta front. These
sandstones are interpreted to be related to traction plus
fallout processes from waning turbulent flows with high
suspended loads (Sumner et al., 2008; Zavala et al., 2011).
The formation of both a coarsening-upward unit and
fining-upward unit not only reflects the sustained nature
of the flow but also serves as a key criterion for hyperpy-
cnites identification (Bhattacharya & Mac Eachern, 2009;
Kneller & Branney, 1995). Intercalations of micas and
other allochthonous plant matter could also be used as a
criterion to identify hyperpycnal flow (Bhattacharya & Mac
Eachern, 2009; Mutti et al., 2000, 2003; Zavala et al., 2011).
According to the conceptual schema associated with hy-
perpycnal systems proposed by Zavala et al. (2011), the
sandstones or siltstones in FA5 are comparable with
Facies S2 (suspended, fine-grained sandstones with planar
lamination), S3(suspended, fine-grained sandstones with
climbing ripples) and S4 (suspended, massive siltstones).
Therefore, this FA is interpreted as having been de-
posited at the distal delta front, which may be due to the
development of lobes or sheet sands in the sublacustrine
hyperpycnal system.

5 | PETROGRAPHIC AND
MINERALOGIC ANALYSES
51 | Detrital component and matrix

According to Folk's (1974) criteria, the sandstones stud-
ied here can be classified as sublitharenites (61.0% in

P,hg and 50.0% in P,s,), followed by minor litharenites
and feldspatic litharenites, and are expressed as having

an average composition of Q¢ ,F, ¢L54 (Figure 5b). To
discriminate critically the provenance type of the de-
trital component, the Qt-F-L and Qm-F-Lt triangular
diagrams proposed by Dickinson and Suczek (1979)
were used in this study. Almost all data points are
concentrated in the recycled orogen provenances field
(Figure 5c).

Detrital quartz is predominantly monocrystalline
and displays some degree of dissolution, replace-
ment and fracture-filling (Figure 6a). Most of quartz
grains appear as blue to blue-violet under CL ob-
servations (Figure 6b) and occasionally chert grains
may be present in some thin sections (Figure 6¢). In
addition, sporadic distribution of high-temperature
quartz (>573°C) is found in the conglomerate or peb-
bly sandstone with rich volcanic matrix. This type of
quartz has the following characteristics (Figure 6d,e):
irregularly shaped, with delicate sharp edges; clean
surfaces; corroded embayments; no wavy extinction;
and smaller grain size than detrital quartz. The rare
residual feldspar exhibits carlsbad-albite compound
twinning under orthogonal polarisation (Figure 6f).
Replaced plagioclase minerals can often be identified
by the preservation of a faint grain outline. Rock-
fragment content is greatly variable, ranging from
3.85% to 89.36%. The main type is quartzite with
crenulated sub-grain boundaries (Figure 6g), fol-
lowed by extrusive rock, mica and sedimentary rock
(Figure 6h). It's worth noting that calcite or argilla-
ceous clasts are also common. Due to the presence of
feldspar remnants inside these clasts, we believe that
they are formed by the alteration and replacement of
feldspar (Figure 6i).

The detailed micro-characterisation by microscope al-
lowed the recognition of three categories of VMS types A,
B and C, abbreviated to VMSA, VMSB and VMSC through
the documentation of content and existence of volcanic
matrix. Petrographic summary is shown in Table 1 and
Figure 7.

5.2 | Detrital texture

5.2.1 | Description

There is a significant difference in microtexture
among the three types of VMS. VMSA samples has
the highest proportion of gravel and mean grain size,
but with the poorest sorting characteristics. Due to
the occurrence of massive volcanic ash matrix, point
contact and line contact dominate with barely any
concavo-convex grain contact. By contrast, the VMSB
and VMSC samples consist of moderate to well-sorted
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FIGURE 5 (a)Sediment transport dynamics to populations and truncation points in a grain-size distribution as revealed by cumulative
grain size frequency curves. (b) Q-F-R triangular diagram of sandstone petrography showing the composition of P,s; and P,hg sandstones. (c)
Qt-F-L and Qm-F-Lt triangular diagrams proposed by Dickinson and Suczek (1979) labelling the P,s; and P,hg sandstone composition data.

and sub-angular to sub-rounded grains, with signifi-  5.2.2 | Interpretation

cantly improved textural maturity. The cumulative

grain size frequency curves of the four VMSA river = The high proportion of gravel and the mean grain size
mouth deposit samples show a three-stage pattern, of VMSA indicates that the deposition of VMSA is under
corresponding to saltation population, transition pop- stronger hydrodynamic conditions. A poorly sorted VMSA
ulation and suspension population (Figure 5a). The is the result of rapid deposition and consolidation without
saltation population is between 55% and 75%, and the sufficient mechanical differentiation. The result of the cu-
grain size is generally above medium-grained sand. mulative grain size frequency curves presents distinct trac-
The content of transition population is between 20% tion current deposit characteristics. Hydrodynamics laws
and 25%, and transport mode between saltation and suggest that matrix compositions should not be deposited
suspension. The suspension population is between 5% during the same time as sand-graded detrital component
and 15%. in normal flow (Worden & Morad, 2003). The formation
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FIGURE 6 Typical microscopic images of terrigenous clastic grains in VMS. (a) Monocrystal quartz grains. Well QT3, P,s;, 4240.0 m,

XPL. (b) Most of quartz grains appear as blue to blue-violet under cathodoluminescence observations. Well L16, P,s;, 4080.1 m, CL. (c)
Coarse-grained chert. Well L22, P,hg, 3550.5 m, XPL. (d) Fine-grained high-temperature quartz. Well QT3, P,s;, 4240.0 m, PPL. (e) Fine-
grained high-temperature quartz. Well QT3, P,s;, 4240.0 m, PPL. (f) Residual feldspar exhibits carlsbad-albite compound twin. Well

L7, P,hg, 4155.2 m, XPL. (g) Quartzite fragment gravel. Well QT3, P,s;, 4240.0 m, XPL. (h) Partially dissolved sedimentary fragment.
Well Li54, P,hg, 3949.2 m, PPL. (i) Carbonate clasts of completely replacement origin. Well L6, P,hg, 4707.5 m, XPL. C, carbonate clasts;
CL, cathodoluminescence; F, feldspar; HQ, high-temperature quartz; PPL, plane-polarised light; Q, quartz; QF, quartzite fragment; SF,

sedimentary fragment; VM, volcanic matrix; XPL, cross-polarised light.

of VMSA must be induced by some particular hydrody-
namic conditions (e.g., strong tidal current, turbidity cur-
rent, debris flow and hyperpycnal flows) (Shchepetkina
et al., 2018). We suggest VMSA could represent the peak
period of flood or volcanic events, while VMSC represents
the deposits of intermittent periods.

5.3 | Spatial distribution of
volcanic matrix

To judge the location of volcanism relative to the study
area, all the thin sections were identified and the contents
of primitive volcanic matrix and clay minerals (kaolinite

and chlorite) altered by volcanic ash were statistically
analysed. Although the study may be limited by sam-
pling points, the results still reveal a trend (Figure 8).
The mapped distributions of matrix content from single
P,s; wells ranges from 3.6% to 11.5%, with an average of
9.4%. The average content of the volcanic matrix, kaolinite
and chlorite is 6.9%, 1.7% and 0.8%, respectively. Overall,
there is seen to be an obvious reduction in volcanic matrix
abundance in a northwestern direction, which is consist-
ent with the direction of the paleocurrent (Figure 8a). The
mapped distributions of matrix content from single P,k
wells ranges from 5.9% to 23.5%, with an average of 12.6%.
The average content of volcanic matrix, kaolinite and
chlorite is 9.0%, 2.7% and 0.9%, respectively (Figure 8b),
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FIGURE 7 Typical microscopic photos of the three types of VMS. (al) Volcanic matrix fully filling the pore space between clastic
grains. The volcanic matrix is the collection of dust-like materials, which are mostly black or black brown. Well QT2, P,hg, 4729.48 m,

PPL. (a2) Volcanic matrix fully filling the pore space between clastic grains. The dark fine-grained pseudomatrix can be observed in the

dusty collection, which may be the result of alteration of volcanic grains thermodynamically unstable. Well QT3, P,s;, 4236.6 m, PPL. (b1)
Volcanic matrix is distributed as detrital grain coats, thickness between 10 and 100 pm. Well L22, P,hg, 3550.5 m, PPL. (b2) Volcanic matrix
is scattered in the non-connected pore edge and throats. Well QT3, P,s;, 4242.55m, PPL. (c1). Primary intergranular pores are abundant

with carbonate cements and the content of volcanic matrix is low. Well Li54, P,hg, 3952.28 m, XPL. (c2) Primary intergranular pores are

abundant with kaolinite cements associated with volcanogenic material alteration. Well QT1, P,s;, 4267.6 m, PPL. C, carbonate cements; Ch,

chlorite; DP, dissolved pores; K, kaolinite; PPL, plane-polarised light; Q, quartz; QF, quartzite fragment; Qo, quartz overgrowth; VF, volcanic

fragment; VM, volcanic matrix; XPL, cross-polarised light.

with abundance also gradually decreasing towards the
northwest. Vertically, VMS are mainly developed at the
bottom of P,hg and P,s;, as shown in Figure 8c. The dis-
tribution of volcanogenic materials is rare elsewhere in
these two members.

5.4 | Authigenic phases

Microscopic observation revealed that authigenic miner-
als formed in post-depositional conditions mainly include
kaolinite, chlorite, siliceous and carbonate minerals.

5.4.1 | Clay minerals phase

Three types of kaolinite were identified in this study:
(1) ‘Clean’ cement occurring in open pore spaces (short-
hand for C-kaolinite, mostly in VMSC) (Figure 9a).
Loose accumulation between crystals and abundant in-
tercrystalline pores are developed internally. (2) ‘Dirty’

cement associated with volcanic matrix (shorthand for
D-kaolinite, mostly in VMSA and VMSB) (Figure 9b). D-
kaolinite and volcanic matrix exhibit a mutual transition
under microscopic observation, and there is ferruginous
cementation residue inside the kaolinite aggregates after
volcanic matrix alteration. The crystal size and inter-
granular pore development of D-kaolinite are obviously
worse than that of C-kaolinite. (3) Sand-size replacement
of feldspar grains or volcanic rock fragments (shorthand
for R-kaolinite, mostly in VMSA) (Figure 9c¢). R-kaolinite
aggregates maintain a good host grain shape, and it is
almost impossible to identify the primary minerals. R-
kaolinite is extremely closely arranged and completely
encapsulated by the volcanic matrix. All types of kaolin-
ite present as an azure blue light under cathodic lumines-
cence (Figure 9b).

Chlorite, as acicular single crystals or aggregates, is
dispersed in the volcanic matrix between clastic particles
(Figure 9d,e), sometimes mixing with D-kaolinite. Its av-
erage content, however, is less than that of D-kaolinite.
By contrast, chlorite filling in the pores of VMSC (e.g.,
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FIGURE 8 Spatial distribution characteristics of volcanic matrix content. (a) The mapped distributions of volcanic matrix in P,s;.
(b) The mapped distributions of volcanic matrix in P,hg. (c) The vertical distribution of volcanic matrix in P,s; and P,h,. VMS are mainly

developed at the bottom of P,s; and P,h.

primary intergranular pores and mould pores) is relatively
rare.

5.4.2 | Siliceous minerals phase

Siliceous cements are found in the form of quartz over-
growth and authigenic quartz crystal. In the VMSA sam-
ples, the mould pores formed by dissolution of feldspar or
volcanic rock debris provided space for the growth of sili-
ceous cements. Ordered microquartz crystals grew at the
contact points between host grains and the surrounding
quartz (or quartzite debris) grains. Quartz overgrowths
then formed inward from the mould pore rims, which

appears to be controlled by the orientation of the pore
margin shape (Figure 9f). The quartz overgrowth edges
are locally blocked by authigenic kaolinite or carbonate
cements. In VMSB, where volcanic matrix is present as
detrital grain coatings, the siliceous cements are distrib-
uted throughout the pores in the form of polycrystal-
line authigenic quartz, varying from 10 to 200 pm in size
(Figure 9g). For the samples in which the volcanic matrix
is scattered and the pore rims and throats unconnected,
the volcanic matrix cannot have been completely wrapped
by the clastic particles, and the siliceous cements grow in
the form of quartz overgrowth. In VMSC, the content of
quartz overgrowth is much larger than that of VMSA and
VMSB. The maximum cumulative thickness of quartz
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FIGURE 9 Typical microscopic photos of authigenic minerals phase. (a) C-kaolinite cements in the open pore spaces. Well CT3, P,hg,
3725.1 m, PPL. (b) Kaolinite is present as azure blue light under cathodic luminescence. Well CT3, P,hg, 3724.84m, CL. (c) D-kaolinite is
replaced by feldspar grains or volcanic rock fragments. Well QT3, P,s;, 4236.6 m, PPL. (d) Acicular single-crystal chlorite is dispersed in

the volcanic matrix. Well CT3, P,hg, 3728.9 m, BSE. (e) Chlorite aggregate mixed with D-Kaolinite is dispersed in the volcanic matrix. Well
QT?2, P,hg, 4735.9 m, BSE. (f) Quartz overgrowth grows inward from the mould pore rims. Well QT2, P,hg, 4735.9 m, PPL. (g) Polycrystalline
authigenic quartz. Well L22, P,hg, 3550.5 m, XPL. (h) Carbonate minerals are formed by the replacement of detrital grains. Well L4, P,s;,
4498.4 m, XPL. (i) Carbonate minerals formed by replacement of detrital grains and cementation. Well L7, P,hg, 4155.2 m, XPL. BSE,

back scattering; C, carbonate cements; Ch, chlorite; CL, cathodoluminescence; K, kaolinite; PPL, plane-polarised light; Q, quartz; Qa,
polycrystalline authigenic quartz; QF, quartzite fragment; Qo, quartz overgrowth; VM, volcanic matrix; XPL, cross-polarised light.

overgrowth can reach 200 pm, accompanied by multiple
dust rims, and there is ‘healing’ phenomenon between
clastic quartz grains.

5.4.3 | Carbonate minerals phase

Carbonate cements occur in two forms: where the detri-
tal grain is replaced (in all three types of VMS) and in-
tergranular filled carbonate minerals (mostly in VMSC).
In VMSA, the detrital grains are completely replaced by
carbonate minerals, and the optical characteristics of
the host grains can barely be distinguished under the

microscope (Figure 9h). However, in VMSC, the residual
structure of feldspar, volcanic rock fragments and chert
can be observed after replacement (Figure 9i). These dif-
ferences indicate that the volcanic matrix content may
have an effect on the formation of carbonate minerals to
some extent. Under CL observation, azure blue kaolin-
ite crystals can be observed inside the bright orange car-
bonate minerals, indicating that the carbonate minerals
can have been replaced by kaolinite. For intergranular
cements, early carbonate cements in the form of basal
cementation and late carbonate cements growing inside
quartz grain fractures and outside of quartz overgrowth
can be observed.
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6 | BULK-ROCK GEOCHEMISTRY
6.1 | Elemental composition of matrix
6.1.1 | Major element oxides

The volcanic matrix mainly appears as a stubby cryptocrys-
tal aggregate with the major compound SiO, accompanied
for example by small amounts of Al,O;, FeO and MgO
(Figure 10). The single crystal diameters are evenly dis-
tributed at around 1 pm, and the average content of SiO,
can reach more than 95%. Cryptocrystalline titanium oxide
often occurs inside volcanic matrix (Figure 10d). Because
these cryptocrystalline minerals appear brighter in the BSE
images, they can be clearly distinguished from the volcanic
matrix. They are irregularly dispersed in quartz cryptocrys-
tal aggregates and poorly low in abundance, which may be
due to the anatase being of authigenic origin.

6.1.2 | Trace elements

The La-Th-Sc, Th-Co-Zr/10 and Th-Sc-Zr/10 triangular
diagrams proposed by Bhatia and Crook (1986) were
used in this study for six tuffaceous interlayer sam-
ples. On the La-Th-Sc tectonic discriminate diagrams,
four samples fall within the field of active continental
margin and passive margin and two samples fall on the
boundary line. On the Th-Co-Zr/10 tectonic discrimi-
nate diagrams, all six tuff samples fall on the edge of
active continental margin field. On the Th-Sc-Zr/10

Major |Relative content/mol%
1 ¢

oxides Vi
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SiO2 94.44
K20 J
CaO /
TiO2 /
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MgO /
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~ |~ |~
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tectonic discriminate diagrams, four samples fall within
the field of active continental margin and two samples
within continental island arc (Figure 11a). The analy-
ses for six samples of tuffaceous interlayer are displayed
on a Floyd and Leverideg (1987) plot of Zr/TiO, versus
Nb/Y (Figure 11c). Three samples fall within the tra-
chyandesite field, two samples within rhyodacite dac-
ite field, and one sample falls on the boundary between
rhyodacite dacite and trachyandesite field. Refer to
Appendix A for all sample information.

6.1.3 | Rare earth elements

The rare earth elements pattern standardised by the Upper
Continental Crust (UCC) shows a relatively consistent pat-
tern for the six tuffaceous interlayer samples: The samples
are enriched in light rare earth elements (LREE) with an
average content of 187x107° to 582x10™° ppm, and de-
pleted in heavy rare earth elements (HREE) with an average
content of 45%107° to 129x107° ppm. The LREE/HREE
value is about 5, indicating the differentiation between
LREE and HREE. All samples show negative Eu anomalies
(8Eu = 0.63-0.83) and no Ce anomalies (Figure 11b). Refer
to Appendix A for all sample information.

6.2 | Fluid inclusions data

Fifty aqueous inclusions in five samples were found and
their homogenisation temperatures and salinities were

IIV[ajor‘ Relative content/mol%
oxides V2

MgO /

Al203 /

SiO2 100

K20 /

CaO /

TiO2 /

FeO /

ll\/[ajor Relative content/mol%
oxidest \L Al

MgO / /

ALOs 0.16 0.13
SiO2 95.79 993
K20 0.04 0.03
CaO 0.13 0.18
TiO:2 3.89 89.16

FeO / 0.57

FIGURE 10 Photomicrographs and chemical compositions of volcanic matrix. Yellow solid circles show the portion analysed by
electron microprobe. (a) Well CT3, P,hg, 3728.9 m. (b) Well CT3, P,hg, 3728.9 m. (c) Well L6, P,hg, 4707.5 m. (d) Well QT3, P,s;, 4236.6 m.

858017 SUOWILLIOD A 111D 3|qeo![dde 8Ly Aq peusenob afe sajole YO 88N JO S3INJ Joj Akeiq18UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLIOD" A | IM ARIq U1 [UO//SdNL) SUORIPUOD PUe SWe | 8U18eS *[220Z/TT/8T] Uo ARiqiTauljuo Ao|im ‘wejolied JO AisieAlun eulyd Aq 8892T 2.0/ TTTT 0T/I0PAW0D A8 im AReIq1juljuo//:Sciy Wwolj pepeoiumoq ‘9 ‘2z0Z ‘L TTZS9ET



1876 = CUIET AL.
L WILEY- RS Bt
Th Se¢  Co Zr/10 Sc Zx/10
A: Oceanic island arc B: Continental island arc C: Active continental margin D: Passive margins
(b) 6 () 13
-8 n=6 4 ¢n=6 )
] Comendite
= 5 E Pantellerite Phonolite
E U B Rhyolite
QS 8 4 ~ 01_: BT . Trachyte
= yodacite
g E 9 ] Dacite
S @ 34 t ] & Yuchyandesite
-
2 (=% § b Andesite
E E 2 0.014 Alkaline | Basanite
L @ ] Andesite / Basalt basalt INephelinite]
0 = 7
= oo 1 ]
= T Sub-alkali basalt
&) ]
O 1 1 1 I I I 1 1 1 1 1 I || 1 1 0.001 1 T ||||||| T T IIIIIII T 1 L
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 0.01 0.1 1 10
REE Nb/Y
(d) 16— 16—
n=50, the average=140.7°C Part I: n=12, the average =2.14%
a _| | PartIl: n=38, the average=12.93%
12— 12—
> >
9 1 [3) -
: -
= 8 — = 8 Partl
=2 s | rmmm— o 1
) ) ] 1
S - B = 1
= = 1 :
I
4 4 H
] I
: 1
. 4 n 1
i 1
' I
0— T 0 o T I T T T T T T T
100 110 120 130 140 150 160 170 180 190 0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Homogenization temperature (°C) Salinity (%)

FIGURE 11 (a)La-Th-Sc, Th-Co-Zr/10, Th-Sc-Zr/10 tectonic-setting discrimination plot (after Bhatia & Crook, 1986). (b) The rare earth
elements pattern was standardised by the Upper Continental Crust (UCC) of six tuff samples. (¢) Zr/TiO, vs.Nb/Y diagram (after Floyd &
Leverideg, 1987) shows the volcanic matrix was derived from Rhyodacite Dacite and Trachyandesite. (d) Histogram of the homogenisation
temperature and salinity for the aqueous inclusions in quartz overgrowth.

measured (Refer to Appendix B for sample information
and details). Homogenisation temperatures have a rela-
tively concentrated distribution range (from 118 to 180°C),
with most ranging from 120 to 150°C and an average of
140.7°C (Figure 11d). Correspondingly, the distribution

range of salinity is large, with two distinct intervals. The
salinity of 12 fluid inclusions ranges from 1.74 wt% NaCl
to 2.57wt% NaCl (mean value is 2.14wt% NaCl), and the
salinity of 38 fluid inclusions ranges from 10.90wt% NaCl
to 14.18 wt% NaCl (mean value is 12.93wt% NacCl).
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7 | DISCUSSION

7.1 | Why are the matrix components
judged to be the result of volcanic ash
alteration?

The volcanic origin of matrix components can be deter-
mined from the following information of bulk-rock geo-
chemistry and petrology: (1) In the matrix-rich sandstones
of lacustrine and fluvial deposits, the matrix components
mainly consist of an irregular mixing of clay minerals
(smectite and illite/smectite mixed layer) and silty grains
(Hower et al., 1999; Worden & Morad, 2003). However,
the matrix components in VMSA are mainly pure stubby
cryptocrystal quartz aggregates (Figure 10), which may
indicate that their origin was due to abnormal sources
and transport mechanisms caused by sudden geological
events. (2) Ti is usually considered to be less susceptible
to migrate during volcanic glass alteration because of low
solubility in low-temperature aqueous solutions (Kiipli
et al., 2017; Zielinski, 1985). This characteristic makes ti-
taniferous minerals suitable for identifying the origin of
volcanic matrix (Figure 10d). (3) A negative Eu anomaly
requires extreme reduction and high-temperature condi-
tions (Cullers, 2000), which is commonly found in mag-
matic settings rather than in surficial environments (Dai
et al., 2017; Rard, 1985). Therefore, the existence of volca-
nogenic materials could be reflected by the degree of the
negative Eu anomaly (Cullers, 2000), which is also of great
significance in determining the origin of magmatic rocks
of matrix components (Figure 11b) (Burger et al., 2002;
Hower et al., 1999). (4) High-temperature quartz can also
be used to indicate the source of volcanogenic materials
(Dai et al., 2017). High-temperature quartz is common
in VMSA (Figure 6d,e), but hardly observable in VMSB
and VMSC. Therefore, it is likely to be transported into
the sediments along with the matrix, rather than with ter-
rigenous clastic quartz.

7.2 | Were widespread volcanogenic
materials attributed to a single origin as
previously thought?

It is widely held that the provenance of detrital particles
mainly derived from the NQOB occurred during the Late
Palaeozoic in the study area (Figure 5c) (Dong et al., 2011;
Dong & Santosh, 2016). However, scant studies are con-
cerning the volcanic matrix of the sediments. Due to the
collision between the Central Asian Orogenic Belt and the
northern margin of Ordos Basin, intensive magmatism
occurred between ca. 340-320Ma and ca. 285-260Ma in
the YYOB (Fan et al., 2019; Yang et al., 2006). This has

led to the misconception that the volcanogenic materials
throughout the basin were attributed to a single YYOB
origin. If the volcanic matrix of the Longdong Region
was derived from the YYOB, the sediments in the north-
ern Tianhuan Depression (Figure 1a) should also contain
higher volcanogenic materials. However, Zhu et al. (2020)
conducted a detailed investigation on the petrology of P,s;
and P,hg in the northern Tianhuan Depression and found
the matrix was dominated by detrital illites (with an aver-
age of approximately 4%) and mica flakes (with an aver-
age of approximately 1%). Volcanic matrix content is very
low and alteration characteristics are completely different
from those in the Longdong Region. Therefore, we ques-
tion the view that the volcanogenic materials were derived
from the northern margin of the basin.

Previous studies have shown that there are detrital zir-
con age groups of Carboniferous and Permian in the P,s;
and P,k of the Southern Ordos Basin (Appendices C, D
and E). Because there are rarely reports on zircon U-Pb
ages of Permian igneous rocks from the present out-
cropped magmatic rocks in the QOB, existing research
has led to the conclusion that the detrital zircon age
groups of Permian in Longdong Region can only be de-
rived from YYOB (Liang et al., 2020). However, modern
outcrops cannot be used to represent ancient provenance
in source-to-sink studies. The lack of present Permian
outcropped magmatic rocks in the NQOB might be the
result of intensive and complete denudation. Moreover,
existing research has shown that there is indeed evidence
for Permian detrital zircon in the NQOB. Sun et al. (2013)
also found 260+ 3 to 269+ 3 Ma granitic detrital zircon
records in the western part of the NQOB, indicating that
magmatic movement did exist during the sedimentary
period of P,s; and P,hg. Evidence for these detrital zircon
records were only recorded in the Permian and Triassic
sediments derived from the NQOB in the south of Ordos
Basin. We collected and collated the Triassic detrital zir-
con records in Appendix F. In addition, Jiang et al. (2020)
compared 260-350Ma zircons Hf isotopic compositions
from the sediments in P,s; and P,hg in the southwestern
margin with the YYOB by in situ zircon Lu-Hf analyses.
The results showed that the e;(t) and the Tpy,, were sig-
nificantly different from each other, and it was inferred
that the provenance of ca. 350-260 Ma detrital zircons was
not from the YYOB.

Based on the above evidence, we propose the hypoth-
esis that there may have been magmatism in the Permian
of NQOB and this volcanism provided volcanogenic ma-
terials for the P,s; and P,hg in the Longdong Region and
formed widely developed VMS. However, intensified
weathering and denudation occurred soon afterwards,
resulting in detrital zircons only being recorded in the
Permian and Triassic sediments. The lack of igneous
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rock data from the present NQOB outcrop is also the
result of intense and complete denudation during the
Late Palaeozoic and Mesozoic. According to the dis-
crimination results of trace elements, the volcanogenic
materials are interpreted as intermediate-acidic origin,
such as trachyandesite (Figure 11c). These volcanogenic
materials may be built up by repeated, relatively small-
scale eruptions and are typical of convergent plate mar-
gins with thick continental crust (Figure 11a) (Cronin
et al., 1996; Lenhardt et al., 2011; Manville et al., 2009).
This may be associated with continental lithosphere
subduction generating asthenospheric circulation or re-
mote effects of Mianlue oceanic crust subduction (Dong
et al.,, 2011; Dong & Santosh, 2016). From the Late
Palaeozoic to the Middle Triassic, the Ordos Basin was
characterised by continuous deposition above the North
China Craton. The interior of the basin has always
been in a very stable tectonic state and does not have
the conditions for the development of volcanic activity
(Chen et al., 2021; Liang et al., 2020; Zhu et al., 2020).
Therefore, the major volcanic centres tend to be located
on the basin's edge, that is, towards the south or west
of the Longdong Region as implied by the southwest-
erly thickening and increasing volcanogenic materials
(Figure 8). Although the source of the volcanogenic ma-
terials was speculative, combined with the current geo-
chronological data and geological background. It is still
the most reasonable explanation.

7.3 | How can volcanic ash be mixed
with terrigenous debris under long-
distance transport?

7.3.1 | Identification of hyperpycnal flows
The following phenomena indicate that the volcano-
genic materials in P,s; and P,hg were mainly deposited
from fluvial process and not from air-fall: (1) The volca-
nogenic materials are usually associated with sandstone
successions. However, the content of volcanogenic ma-
terials in non-main channel sedimentary environments
is extremely low. (2) The air-fall volcanic ash can fill in-
tergranular pores of clastic grains by matrix infiltration
(Buurman et al., 1998; Worden & Morad, 2003), which
is not possible for sand-size grains. Therefore, it is more
likely that the pyroclastic pseudomatrix (Figure 8A2) and
high-temperature quartz (Figure 6d,e) observed in the
thin section of VMSA were transported by fluvial pro-
cesses. (3) Virolle et al. (2018) demonstrated that the de-
trital grain coats of estuarine sediment are deposited at the
same time as the sand grains under strong hydrodynamic
conditions. Therefore, during the saltation or suspension

transportation in VMSB by fluvial process, volcanic ma-
trix was constantly bound to the surface of sand grains.

Recognition of hyperpycnal flow at the river mouth
mainly based on lithofacies associations is widely ac-
cepted by a number of scholars. According to the
conceptual schema associated with hyperpycnal sys-
tems proposed by Zavala et al. (2011), Lithofacies 1 to
Lithofacies 6 can be attributed to Facies B (Bed load) and
Lithofaices 7 to Lithofacies 13 can be attributed to Facies
S (Suspended load). These predictive facies are widely
applied to the identification of sustained turbulent
(noninertial) hyperpycnal flow deposits caused by flood
events. Similarly, Mutti et al. (1996) proposed an ideal-
ised hyperpycnite succession formed in flood-dominated
fluvio-deltaic settings. In their study, river mouth de-
posits followed Facies 6 (coarse-grained and channel-
ised mouth bar deposit) and approximately Facies 7
(bar-slope deposit) and Facies 9 (fine-grained and thin-
bedded sandstone lobes) from bottom to top, with indi-
vidual thicknesses commonly between 5 and 15m. The
sedimentary sequence characteristics of VMS in the
Longdong Region are remarkably similar to this model.
In addition, this research has recognised that ancient hy-
perpycnites can be seen in the VMS, including inverse-to-
normal grading (Mulder et al., 2003; Figure 4k), repeated
traction structures in mudstone and siltstone (Wilson
& Schieber, 2014, 2017; Figure 4j,1), massive sandstones
(Steel et al., 2016; Figure 4h), and plant and mica remains
(Zavala & Arcuri, 2016; Figure 4m,n).

Therefore, it is inferred that the sedimentary sequences
associated with VMS were the result of the formation and
development of an ancient hyperpycnal river-delta system.
Given the triggering mechanism, two interpretations could
be made: (1) Syn-eruptive hyperpycnal flow. Catastrophic
paroxysmal eruption events can increase river density and
flow energy, resulting in the formation and development
of an ancient hyperpycnal river-delta system. Landslides
triggered by volcanic eruptions can provide large amounts
of sedimentary materials (Dadson et al., 2004; Ponciano &
Della-Favera, 2009). High-speed pyroclastic flows, lahars,
levee breaches induced by volcanism could directly carry
these materials into river systems, intensifying the fluid
density difference at the river mouth and producing con-
ditions conducive to triggering hyperpycnal flow. (2) Post-
eruptive hyperpycnal flow. Volcanism occurred before the
deposition of P,s; and P,hg VMS. During the syn-eruptive
period, sedimentary processes occurred without a direct
volcanic influence. Instead of being instantly washed into
the river, the volcanogenic materials over a long period of
geological history become available as a sediment source
in the catchments. Subsequently, the rapid incorporation
of large quantities of volcanic matrix accompanied with
the terrigenous clastic being brought by hyperpycnal flow

858017 SUOWILLIOD A 111D 3|qeo![dde 8Ly Aq peusenob afe sajole YO 88N JO S3INJ Joj Akeiq18UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLIOD" A | IM ARIq U1 [UO//SdNL) SUORIPUOD PUe SWe | 8U18eS *[220Z/TT/8T] Uo ARiqiTauljuo Ao|im ‘wejolied JO AisieAlun eulyd Aq 8892T 2.0/ TTTT 0T/I0PAW0D A8 im AReIq1juljuo//:Sciy Wwolj pepeoiumoq ‘9 ‘2z0Z ‘L TTZS9ET



CUIET AL.

occurred during the sedimentary period at the bottom of
P,hg and P,s,. Extreme events, such as periodic precipita-
tion, dam breaks, glacial outburst flood and earthquake
may be the triggers causing hyperpycnal flows at the river
mouths (Jin et al., 2021; Mulder et al., 2003).

7.3.2 |
processes

Reconstruction of depositional

7.3.2.1 | Quiescent period I

In freshwater lacustrine systems, the difference in density
between incoming flow and water in the basin is small.
In consequence, a homopycnal flow was widely devel-
oped. The concentration of volcanogenic materials was
very low, making it difficult to observe the volcanic matrix
composition in river mouth deposits, which formed the
VMSC.

7.3.2.2 | Waxing period

The flow transported a part of the volcanogenic materials,
resulting in the flow property conversion from homopyc-
nal flow to low-density hyperpycnal flow (Figure 12). The
volcanic matrix transported by the low-density hyperpyc-
nal flow was not sufficient to completely fill the primary
intergranular pores, thus forming the VMSB at the river
mouth. With the increasing transport distance, the den-
sity and energy of flow would gradually decrease with the
flow density dropping below the critical discharge thresh-
old at the distal delta front. This process would elutriate
the matrix components to form ‘clean’ sandy deposits, re-
storing the characteristics of VMSC.

7.3.2.3 | Quasi-steady hyperpycnal flow period

The flow capacity to transport terrigenous clastic and vol-
canic matrix reached its peak during this period. The de-
celeration of the hyperpycnal flow at river mouths, due
to friction and mixing, led to deposition of the coarser-
grained sediment within the matrix (Mutti et al., 1996).
These high-efficient hyperpycnal flows had erosive poten-
tial, enabling them to erode the underlying bed (earlier
sediments of VMSA and VMSB at the river mouth) (Petter
& Steel, 2006). Subsequently, debris and matrix gradually
or incrementally aggraded (Kneller & Branney, 1995) and
formed VMSA. At the beginning of deposition, VMSA was
in an unconsolidated state, and multiple episodes of ma-
trix infiltration due to gravity resulted in a higher content
of matrix in the coarse-grained sediments at the bottom.
In the meantime, fine-grained sand and mud were trans-
ported into distal delta-front regions. As the hyperpycnal
flow moved towards the lacustrine basin centre, the hydro-
dynamic conditions and flow density gradually decreased
to the critical discharge threshold. Therefore, there was
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a general trend of transition from VMSA to VMSB and
VMSC towards the lacustrine basin centre (Figure 12).

7.3.2.4 | Waning period

As the volume, sediment concentration and momen-
tum of flow decreased, the channels formed during the
quasi-steady hyperpycnal flow period would be filled
by sediments, forming a typical normal graded bed se-
quence, until channels were blanketed with VMSB. The
grain grading and sedimentary structure in this period
may be slightly different from that of the pre-eruption
period, but the plane distribution of the types of VMS
was similar.

7.3.2.5 | Quiescent period II

Finally, the river density entering lake basin was al-
ways below the critical discharge threshold, resulting in
homopycnal flow to redevelop. The content of volcanic
matrix transported by flow could be negligible, and the
sediments were all VMSC.

7.4 | How did the volcanic matrix alter to
form the authigenic minerals?

7.4.1 | Paragenetic sequence accompanied by
volcanic matrix alteration

Diagenetic stages can be divided into Eodiagenesis
(<85°C), Mesodiagenesis (85-175°C) and Telodiagenesis
(>175°C) (Schmidt & McDonald, 1979) (Figure 13). The
complexity of burial and diagenetic pattern and the limi-
tations of sample selection make it difficult to determine
precisely the timing and duration of diagenesis. Therefore,
the determination of some paragenetic sequence may be
speculative.

The most significant characteristics during the
Eodiagenesis stage were carbonate cementation and the
formation of chlorite matrix associated with the hydro-
lysis of volcanic ash. The dissolution of highly reactive
volcanic glassy particles can occur with the participa-
tion of pore water and atmospheric fresh water (Fisher
& Schmincke, 1984,), and exert a strong influence on
diagenetic processes (Murray et al., 2018). The first to
be leached from the volcanic matrix are highly reac-
tive elements such as Na, K, Ca and Fe (Stefansson &
Gislason, 2001). The authigenic minerals related to Na
and K generally have extremely high solubility, making it
difficult for them to precipitate out and be preferentially
released into the surrounding water. By contrast, Ca and
Fe released from the volcanic matrix and plagioclase
are more likely to be sealed into authigenic phases
(Kastner & Gieskes, 1976; Longman et al., 2021). Murray
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et al. (2018) believed that the pore fluids are generally
supersaturated with respect to calcite in tephra-rich
sediments in shallow burial environments. The source
of ‘C' for carbonate cements probably resulted from the
formation water and meteoric water (Zhu et al., 2019).
They mostly have direct contact with detrital framework
grains and developed prior to the precipitation of quartz
overgrowth. Chlorite occurs more frequently in samples
with basal or full-pore filling volcanic matrix. The poor
initial physical property conditions restricted the dis-
charge of iron and magnesium via hydrolytic alteration.
Chlorite precipitated from the alkaline pore water when
the ionic concentration reached the saturation phase
(Anjos et al., 2003; Hillier et al., 2006; Ziegler, 2006).
Therefore, the heterogeneity of physical properties

would lead to the uncertainty of iron and magnesium
concentrations, which eventually lead to large discrep-
ancies in the distribution of chlorite. Subsequent me-
chanical compaction resulted in further deterioration of
physical property conditions, making it less susceptible
to acidic fluids in the Mesodiagenesis stage (Carothers &
Kharaka, 1978).

Mesodiagenesis stage was characterised by dissolu-
tion of volcanic matrix and feldspar, kaolinite cemen-
tation and siliceous cementation. Organic acid anions
(carboxylic) typically dominate PH values in the fluid
phase from 80 to 120°C and significantly affect aluminos-
ilicates stability (Carothers & Kharaka, 1978). Therefore,
feldspar experienced intensive dissolution at the early
stage of organic acid discharge (starting around 80°C).
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At temperatures greater than 100°C (mainly 120-160°C),
the carboxylic acids begin to decarboxylate to form CO,,
increasing carbonate solubility (Franks & Forester, 1984).
Post-dating dissolution, siliceous cements gradually pre-
cipitated according to the homogenisation temperature
of inclusions from 110 to 180°C (Figure 11d). As volca-
nic matrix alteration progresses, the resulting amorphous
silica-rich phase took up more space than the parent glass
shard, resulting in alteration products migrating to the
surrounding sediments (White et al., 2010). Hence, the
siliceous source can most likely be explained by volcanic
alteration. Because of the complex water-rock reactions
in volcanogenic materials, alteration led to an increase

in fluid salinity resulting in most quartz overgrowth in-
clusions showing high salinity characteristics. The small
amount of quartz inclusions with low salinity were prob-
ably formed by reprecipitation after pressure solution
(Figure 11d). The pore filling kaolinite growing outside
of the quartz overgrowth, and the presence of corroded
carbonate crystals existing in the kaolinite aggregates in-
dicates pore filling kaolinite postdated quartz overgrowth
and early carbonate cements (Figure 9a). The wide-
spread phenomenon of quartz overgrowth replacement
by kaolinite indicates the same silica source or both (Zhu
et al., 2020). The aluminium can also be derived from vol-
canic alteration or feldspar dissolution.
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inside quartz grain fractures, which probably relates
to the dissolution and reprecipitation of carbonate
cements.

Telodiagenesis was characterised by the low con-
tent of ferroan calcite cements. The late carbonate ce-
ments were distributed outside quartz overgrowth and
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7.4.2 | Diagenetic schematic model 7.5 | Wider implications

Based on spatial distribution, diagenetic characteristics
and alteration material migration, a diagenetic schematic
model of P,s; and P,hg is established for the southwestern
Ordos Basin (Figure 14).

VMSA was mainly distributed at the river mouth
during the peak of eruption period by hyperpycnal
flows. Original volcanic matrix tended to be the prob-
able migration point of silica, aluminium and alka-
line earth cations during alteration (Altaner, 1990;
Slaughter & Earley, 1965). The growth space of authi-
genic minerals was almost all occupied by the volcanic
matrix. Authigenic minerals were mainly presented as
in-situ replacement of volcanic matrix, including D-
kaolinite, R-kaolinite, chlorite, anatase, etc. (Fisher
& Schmincke, 1984). Only a small fraction of these
reaction products could precipitate out into the ex-
tremely limited mould pores, while the majority were
transported to VMSB or VMSC (Altaner, 1990; White
et al., 2010). Overall, the main diagenetic characteristics
of VMSA can be summarised as follows: extensive alter-
ation of volcanic matrix; strong material transfer to the
surroundings; and authigenic mineral precipitation in
limited mould pores.

VMSB was often spatially contiguous with VMSA. The
reduction of intergranular volcanic matrix content ac-
commodated authigenic mineral growth space. Interior
alteration and exterior input from adjacent layers pro-
vided sufficient material basis for authigenic mineral
precipitation, which in turn led to extensive develop-
ment of various cements. The intergranular pores were
almost completely occupied by authigenic kaolinite and
polycrystalline authigenic quartz. Overall, the main dia-
genetic characteristics of VMSB can be summarised as:
a combination of internal and external material sources
and the intergranular mixed filling of volcanic matrix
and authigenic minerals.

VMSC was often spatially contiguous with VMSB.
Volcanic alteration products of VMSA and VMSB would
be continuously transported into VMSC. As the distance
(including vertical and horizontal direction) from VMSA
increased, the content of authigenic minerals gradually
declined (Longman et al., 2021). In VMSC, the ion migra-
tion sequence of volcanogenic materials during diagenesis
determined the precipitation sequence of authigenic min-
erals, and the ions migration intensity in volcanogenic
materials and the distance from VMS determined the
authigenic mineral content (Setre et al., 2018). Overall,
the main diagenetic characteristics of VMSC can be sum-
marised as: external material sources and widely devel-
oped authigenic minerals.

The results of this study have wider implications in the fol-
lowing respects: (1) In terms of regional significance, we
propose a multi-volcanic-material source and the possible
tectonothermal events in the NQOB during the Permian.
A subsequent study on the characteristics of volcanic mag-
matism in the NQOB could be used to retrace the tectono-
magmatic evolutionary history of the orogenic belt under
the geotectonic state. (2) This work reveals that the con-
centrated distribution of volcanogenic materials by long-
distance transport were mainly a result of hyperpycnal
flows shortly after catastrophic eruption events. This ob-
servation fits with previous theoretical work of volcanism-
triggered hyperpycnal flows (Dadson et al., 2004; Mulder
et al., 2003; Ponciano & Della-Favera, 2009). Similar depo-
sitional processes can occur in other modern and ancient
fluvio-deltaic system within volcanically active mountain
belts. (3) Microcrystalline and highly reactive volcanic ma-
trix with great surface area have been altered into stubby
quartz cryptocrystal aggregates, indicating that intensive
element migration can occur during the burial process.
The formation of authigenic minerals related to element
migration has a significant influence on sandstone pore
spaces. Therefore, the diagenetic schematic model pro-
posed in this study has reference value for the prediction
of favourable reservoirs in tuffaceous sandstones.

8 | CONCLUSIONS

Two sets of VMS were developed at the bottom of Permian
P,s; and P,h;in the Longdong Region, southwestern Ordos
Basin. In this study, adequate applications of petrologi-
cal, mineralogical and geochemical analytical techniques
make it possible to decipher provenance, depositional and
diagenetic information contained in the deposits. The fol-
lowing conclusions are obtained:

1. VMS show a greyish white colour, and grain size
was generally above medium. They occur mainly as
channelised sandstones at the delta plain or river
mouth. Volcanogenic material content gradually de-
creases from southwest to northeast, consistent with
paleocurrent direction.

2. The detrital composition of VMS is relatively uniform.
The most striking aspect is the presence of abundant
quartz and the lower feldspar content. During the sub-
sequent diagenesis, alteration of volcanogenic materi-
als contributes to precipitation of different authigenic
minerals, including siliceous, carbonate and clay min-
eral phases.
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3. Detrital zircons used to record the age and duration
of P,s; and P,hg in the NQOB were discovered in the
Permian and Triassic deposits in southern Ordos Basin.
Combined with the tectonic setting, geochemical indi-
cators and mapped distribution of volcanogenic mate-
rial content in the study and adjacent area, we proposed
that volcanogenic materials did not derive from the
YYOB in the northern basin as previously thought, but
from volcanism near the NQOB in the southwest.

4. According to criterion for hyperpycnites in sedimen-
tary structure and lithofacies associations, hyperpy-
cnal flows in the deltaic settings occurred during the
deposition of VMS. Based on integration of the current
hyperpycnite facies model, a volcanic matrix-rich hy-
perpycnite model for P,s; and P,k in the southwestern
Ordos Basin was proposed. Volcanic matrix content
and sedimentary structure in hyperpycnites accurately
predicted the flow variation.

5. The cementation strength of authigenic minerals, how-
ever, was closely related to pore structure characteristics
and the migration trend of volcanic-matrix alteration ma-
terials. The origin of sandstones with high volcanic-matrix
content can be summarised as related to: an extensive al-
teration of volcanic matrix, a strong material transfer to
the surroundings, and authigenic mineral precipitation
in limited mould pores. The origin of sandstones with low
volcanic-matrix content can be related to: an input from
external material sources followed by the growing of authi-
genic minerals within the intergranular pores.
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APPENDIX B

Petrographic features of the main types of fluid inclusion, microthermometric data and salinity data.
Salinities are expressed in wt% NaCl eq. and are calculated based on the equation of Bodnar (1993)

The proportion of = Homogenization  Salinity

Size gas versus liquid temperatures (Wt%
Sample Well Depth (m) Member Lithologies 0 phases (%) °C) NacCl)
31 CT3 3727.4 P,hg Pebbly sandstone 4Xx6 <5 143 14.06
4x8 <5 147 14.06
3X3 <5 133 14.18
4Xx5 <5 148 14.18
5%X3 <5 154 14.06
2X6 <5 159 14.06
61 Li54 3946.05 P,hg coarse-grained 2X3 <5 148 12.94
sandstone 6Xx5 <5 144 12.94
2X6 <5 129 13.07
3X5 <5 128 13.07
3X3 <5 158 11.05
7X5 <5 162 11.05
1x8 <5 134 10.91
3x4 <5 166 10.91
3X6 8 177 10.91
3%x5 <5 124 11.61
2x4 <5 137 11.61
3%x8 <5 139 11.61
65 Li54 3952.28 P,hg Pebbly sandstone 8x11 <5 133 2.57
5X6 <5 133 2.57
4x5 <5 137 241
3x4 <5 141 2.41
16xX6 <5 161 2.41
190 L3 4065.7 P,s; Pebbly sandstone 5Xx8 <5 118 12.42
2X3 <5 118 12.42
10x6 <5 120 12.55
2X2 <5 129 12.55
2X6 <5 140 12.55
1x3 <5 140 1.91
2X3 <5 142 1.91
10x4 <5 145 1.74
2x4 <5 145 1.74
7x13 <5 147 1.91
5X6 <5 120 13.2
5%X7 <5 122 13.2
5x4 <5 125 13.2
6x4 <5 127 13.07
7x4 <5 129 13.07
10x13 <5 130 13.07
12x3 <5 135 13.2
12x5 <5 135 13.2
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CUIET AL. = 1891
Ras ch Bece-WILEY-2

The proportion of = Homogenization  Salinity

Size gas versus liquid temperatures (Wt%
Sample Well  Depth (m) Member Lithologies 0 phases (%) (°C) NaCl)
278 QT2 4735.9 P,hg Pebbly sandstone 2Xx3 <5 150 13.69
3%X3 <5 153 13.69
2X2 <5 153 13.82
2X3 <5 159 13.82
2X3 <5 162 14.06
2X2 <5 148 14.18
2x1 <5 169 14.18
2X2 <5 118 2.07
4x4 <5 120 2.07

APPENDIX C

Zircon U-Pb dates for VMS in Well QT2 (from He et al., 2017). There are 14 detrital zircon grains with ages
between 520-270 Ma, accounting for 16.67% of the total (n = 84)
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APPENDIX D

Tectonic geological distribution of the Ordos Basin (modified by Tan et al., 2019). The sedimentary
topography of the Triassic period in the Longdong Region was relatively steep, and the provenance was
mainly from the Qinling Orogenic Belt in the south of Ordos Basin. 1: Liuyehe; 2: Qingyang; 3: Fengxian; 4:
Nashiuhe; 5: Mahuanggou; 6: Huachi; 7: Qingcheng; 8: Pingliang; 9: Jingyang; 10: Binxian; 11: Hancheng; 12:
Longfengping and Xifang; 13: Tongren

TN 0400 800 km
L —]

\1
roge“'\c‘;e\
Yinshan-Yanshan

Orogenic Belt

Hetao Graben

"%,
% Ordos Basin
=
. . OiQ el
Qaidam Basin /’.0
€0 7
%0
""“0 S
0 100 200 km e,
L —]
strike-slip fault 0
~—
- = =
E rormat fault Qinling Orogenic Belt = =

APPENDIX E

Summary of the Permian detrital zircon ages in the sediments of the Upper Paleozoic P,hz and P,s; in the
south of Ordos Basin. Refer to Appendix D for sampling sites

Sampling sites Detrital zircon age

(& number) Formation Lithology composition (%) /Ma Total points Data sources
Well L2 P,hg Sandstone 271~319Ma (21%) N=157 Luo et al. (2017)
Well QT1 P,s; Sandstone 286~309 Ma (13%) N =756 Luo et al. (2017)
Pingliang-16PL-01 P,s; Sandstone 276.5~355Ma (9.1%) N=102 Jiang et al. (2020)
Jingyang-17KZ-01 P,s; Sandstone 285.2~340.5Ma (5.0%) N=102 Jiang et al. (2020)
Well CT2-01 P,s; Sandstone 307.9~340.9 Ma (7.8%) N =102 Jiang et al. (2020)
Bianxian-Luo02-02 P,s; Sandstone 297.7~354.9Ma (9.1%) N=102 Jiang et al. (2020)
Hancheng-Yi24-02 P,s; Sandstone 303.2~352.5Ma (12.7%) N =102 Jiang et al. (2020)
Bianxian-ChunT1-01  P,hg Sandstone 274.8~354.1Ma (16.7%) N =102 Jiang et al. (2020)
Jingyang-17KZ-08 P,hg Sandstone 298.4~340.5Ma (4.9%) N =102 Jiang et al. (2020)
Bianxian-Luo2-04 P,hg Sandstone 286.2~352.1Ma (8.9%) N =101 Jiang et al. (2020)
Hancheng-16HC-03  P,hg Sandstone 284.8~335.5Ma (9.9%) N=101 Jiang et al. (2020)
Hancheng-Yi24-03 P,hg Sandstone 299.7~350.4Ma (11.8%) N =102 Jiang et al. (2020)
Well CT2-03 P,hg Sandstone 278.7~344.6 Ma (15.7%) N =102 Jiang et al. (2020)
Well X1-04 P,hg Sandstone 300.3~344.1Ma (6.9%) N =102 Jiang et al. (2020)
Pingliang-16PL-08 P,hg Sandstone 274.5~335.4Ma (9.0%) N =100 Jiang et al. (2020)
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Sampling sites Detrital zircon age

(& number) Formation Lithology composition (%) /Ma Total points Data sources
Longfengping-ZR-1 P,h Quartzarenite 264~350Ma (16.7%) N=72 Liang et al. (2020)
Longfengping-ZR-2 P,h Quartzarenite 269~342Ma (13.2%) N=091 Liang et al. (2020)
Longfengping-ZR-3 P,h Quartzarenite 265~339Ma (21.5%) N=093 Liang et al. (2020)
Xifang-ZR-4 P,h Quartzarenite 256~336Ma (26.9%) N=52 Liang et al. (2020)
Xifang-ZR-5 P,h Quartzarenite 255~346 Ma (22.2%) N=72 Liang et al. (2020)
Xifang-ZR-6 P,h Quartzarenite 277~346Ma (16.7%) N=72 Liang et al. (2020)
Tongren Late Middle = Monzonitic 260+ 3~269 +3Ma (100%) N=17 Sun et al. (2013)

Permian granite

APPENDIX F

Summary of the Permian detrital zircon ages in the Triassic sediments derived from the North Qinling
Orogenic Belt. Refer to Appendix D for sampling sites.

Sampling sites Detrital zircon age Total

(& number) Formation Lithology composition (%) /Ma points Data sources
Liuyehe Basin Upper Triassic Quartz sandstone 266~475Ma (19.5%) N=77 Lietal. (2015)
Qingyang-Ning75 Triassic Sandstone 224~370Ma (25%) - Li et al. (2018)
Qingyang-Xi75 Triassic Sandstone 272~460 Ma - Li et al. (2018)
Fengxian Triassic Conglomerate 282~306 Ma (5%) N =40 Yang et al. (2018)
Nashuihe-9 Triassic Sandstone 265~303Ma (21.3%) N=75 Song et al. (2010)
Nashuihe-17 Triassic Sandstone 263~308 Ma (11.4%) N=70 Song et al. (2010)
Mahuanggou Triassic Sandstone 230~450Ma - Tan et al. (2019)
Huachi-Li78 Triassic Sandstone 251.8~298.7Ma (14.6%) N =438 Sun et al. (2017)
Qingcheng-zhuang33  Triassic Sandstone 290.4~309.9Ma (13.2%) N=753 Sun et al. (2017)
Pingliang-Yan40 Triassic Sandstone 291.9~317.0Ma (4.9%) N=061 Sun et al. (2017)
Nashuihe-rsh04 Triassic Sandstone 248.7~300.2 Ma (18.8%) N=64 Sun et al. (2017)
Nashuihe Triassic Sandstone 252~307 Ma (10%) N =90 Xie (2016)
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