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on the Diagenesis of Tuffaceous Clastic Rock: An Example
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Abstract: This study focuses on tuffaceous clastic rocks of the Lower Cretaceous Qingshuihe Formation in the southern
margin of Junggar Basin. It aims to explore the influence of sedimentation and parent rock on this kind of reservoir
development. The results show that the tuffaceous components formed by the denudation of ultramafic and mafic rocks can
transform into chlorite coating or hematite, while those from intermediate rock denudation can be dissolved or transformed
into illite. Sedimentary facies and lithofacies are essential in controlling the evolutionary result of tuffaceous components.
Matrix-supported medium conglomerate and grain-supported medium-fine conglomerate that developed in the fan delta
plain, with a closed original geochemical systems, have been in the oxidizing environment for a long time. The tuffaceous
matrices mainly transforms into hematite or illite. These minerals occupy the primary pores and are difficult to dissolve by
felsic fluids, which inhibits the development of high-quality reservoirs. The grain-supported sandy fine conglomerate
developed in the fan delta front was in the underwater reductive environment with an open original geochemical system.
The tuffaceous matrices not only can transform into chlorite coating to strengthen the particle’s compaction resistance, but
also can be fully dissolved, which promotes the formation of high-quality reservoirs.
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1 Introduction

In recent years, industrial oil-gas resources have been
explored in tuffaceous clastic rocks globally, which have
attracted wide attention (Summa and Verosub, 1992; Liu
et al., 2019; Cicerali et al., 2020; Luo et al., 2020; Fang et
al., 2021; Rutman et al., 2021; Martinez-Paco et al., 2022;
Yang et al., 2023). Tuffaceous components, formed by
volcanic eruptions, can be transported to lacustrine basins
through fluvial-deltaic  systems and subsequently
deposited (Cui et al., 2022). However, due to the poor
chemical stability (Summa and Verosub, 1992; Zhu et al.,
2016; Cui et al., 2022), tuffaceous components are likely
to occur a series of complicated diagenesis after deposition
and maintain a long time (Hay and Guldman, 1987;
Antibus et al., 2014; Benavente et al., 2015; Calvin et al.,
2015; Zhu et al., 2019; Cui et al., 2022) As a result, the
diagenetic process of tuffaceous clastic rock reservoirs is
more intricate compared to clastic rock reservoirs without
tuffaceous components. Studies have shown that
tuffaceous components can improve reservoir quality
through dissolution or transform into quartz cement, illite
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and mixed-layer illite/smectite through alteration and
occupy the reservoir space (Bien et al., 1958; De La
Fuente et al., 2000; Kiipli et al., 2007; Hong et al., 2019;
Wei et al., 2020; Yang et al., 2023). Simultaneously, the
diagenetic evolutionary results of tuffaceous components
in different diagenetic environments also significantly
differ. For instance, tuffaceous components are easily
dissolved in felsic diagenetic environments but undergo
alteration in alkaline environments (Hong et al., 2017; Zhu
et al., 2019; Jin Z H et al., 2023). Therefore, to accurately
predict and appraise the distribution of high-quality
tuffaceous clastic rock reservoirs, it is necessary to
conduct detailed studies on the controlling factors that can
affect the diagenetic evolutionary results of tuffaceous
components and determine which geological conditions
cause constructive or destructive diagenetic evolution.
Such research holds significant importance for the

worldwide exploration of tuffaceous clastic rock
reservoirs.
The Lower Cretaceous Qingshuihe Formation

tuffaceous clastic reservoirs of well GT1 in the southern
margin of the Junggar Basin have achieved a significant
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breakthrough in oil-gas exg)loration, producing 12.13 x 10*
m’/d of oil and 320 x 10° m’/d of natural gas (Du et al.,
2019; Zhang et al., 2020). However, several appraisal
wells around this well produced less oil and gas in the
same formation, indicating that the tuffaceous clastic
reservoirs have substantial heterogeneity (Gao et al., 2023;
Jin J et al., 2023). Previous studies have primarily focused
on explaining the heterogeneity of tuffaceous clastic rock
reservoirs by analyzing their microscopic characteristics
(Luo et al., 2020; Zhu et al., 2020). They believe that the
complex and variable diagenetic environment is a main
factor in determining the evolutionary outcome of
tuffaceous components (Wei et al., 2016, 2018, 2019; Zhu
et al, 2016; Jin Z H et al., 2023; Yang et al., 2023).
However, few studies have focused on the impact of
primary parent rock properties and initial sedimentary
environments on the evolutionary result of tuffaceous
components. Due to the variety of parent rock types in the
provenance area, their geochemical properties also differ.
Therefore, tuffaceous components formed by denudation
from different parent rocks will release different ions
during diagenetic evolution, potentially leading to diverse
evolutionary outcomes for these components (Zhu et al.,
2016; Wei et al., 2018). Additionally, differences in initial
porosity, permeability, pore structure, and geochemical
systems among various sedimentary environments may
also significantly influence the evolutionary results of
tuffaceous components. Therefore, it is obviously
insufficient to explain the diagenetic heterogeneity of
tuffaceous clastic rock reservoirs only from the
perspective of the diagenetic environment's change; this
approach cannot provide reliable theoretical guidance for
predicting and evaluating high-quality reservoirs.

Therefore, this paper selected the tuffaceous clastic
reservoirs of the Lower Cretaceous Qingshuihe Formation
in the southern margin of the Junggar Basin as the
research objects. The sedimentary environments of these
reservoirs were determined by analysing the lithofacies
and their assemblages. Simultaneously, the diagenetic
characteristics, reservoir space, and physical properties
were studied using mineralogy and petrology testing
methods, such as thin-section observation, scanning
electron microscopy (SEM), X-ray fluorescence
spectroscopy  (XRF), energy-dispersive spectroscopy
(EDS), and electron probing analysis. The purposes aim to
(1) determine the influence of sedimentation and
geochemical properties of parent rocks on the diagenesis
and reservoir quality of tuffaceous clastic rocks and (2)
explore the development law of tuffaceous clastic
reservoirs and provide more ideas for the efficient
exploration and development of similar oil-gas reservoirs
worldwide.

2 Geological Setting

The Junggar Basin is in the northern Xinjiang Uygur
Autonomous Region of China, with an area of
approximately 13 x 10* km® (Fig. 1a) (Xiao et al., 2020;
Zhou et al., 2022). It is a sizeable, superimposed foreland
basin with abundant oil-gas resources in northwest China
(Xiao et al., 2020; Cheng et al., 2023; Lai et al., 2023).

The southern margin of the Junggar Basin is adjacent to
the Yilinheibiergen Mountains (Fig. 1b), which is 3 x 10*
km? and stretches 500 km east-west (Zhou et al., 2022).
From north to south, it is approximately 4090 km wide
(Zhou et al., 2022). The Sikeshu sag locates to the west of
the southern margin of the Junggar Basin (Fig. 1b),
bounded by the Yilinheibiergen Mountains in the south
and the Zhayler Mountains in the west (Fig. 1b), showin%
an NWW-SEE strike of approximately 6.3 x 10° km
(Gao et al., 2013).

The study area is in the Gaoquan area of the southern
Sikeshu sag (Fig. 1c). The study formation is the Lower
Cretaceous Qingshuihe Formation (Fig. 1d). The burial
depth of the clastic rock reservoirs of the Qingshuihe
Formation is 5900-6100 m, and the diagenetic stage is in
the eodiagenetic B stage to meso-diagenetic A stage (Gao
et al., 2023; Jin J et al., 2023). From a sedimentation
perspective, the clastic rock reservoirs of the Qingshuihe
Formation  comprise  conglomerate and  sandy
conglomerate developed in multi-phase distributary
channels of the fan delta plain or fan delta front (Gao et
al., 2023). During the period from the Upper Jurassic to
the Lower Cretaceous, large-scale volcanic activities
occurred in the southern margin of the Junggar Basin, and
the surrounding orogenic belt was rapidly uplifted and
denudated (Li et al., 2012; Zhou et al., 2019; Cao Y Y et
al., 2020), which leads to the development of tuffaceous
components in the Qingshuihe Formation.

3 Data and Methods

This study’s data included cores of approximately 60 m
from five drilling wells for lithofacies classification, 80
thin sections for mineral composition statistics,
morphology observation by SEM and geochemical
composition analysis through EDS of 21 core samples,
electron probing analysis of eight core samples and XRF
analysis of 10 core samples. Furthermore, the porosity and
permeability data applied to reservoir property analysis
were collected from the Research Institute of Petroleum
Exploration and Development of the Xinjiang Oilfield
Company, PetroChina.

First, the classification of lithofacies and corresponding
characteristic descriptions were performed based on
approximately 60 m cores from wells G101, G103, GQS,
GQ6, and GHWOO01 in the study area. Then, 80 thin
sections were made to analyse the characteristics of
petrology, mineralogy and reservoir space. Each thin
section was saturated with blue epoxy to identify different
pores. All thin sections were partly stained with Alizarin
Red S and K-ferricyanide for carbonate mineral
identification (Dickson, 1965). We counted 300 points on
each thin section to obtain the sandstone composition data
in sandy conglomerate. For the tuffaceous matrix and
cement contents, 16 micrographs of each blue epoxy resin-
impregnated thin section were taken using the OLYMPUS-
BX51 digital transmission microscope. Then, the
tuffaceous matrix and cement in each micrograph were
identified under the microscope. Finally, the tuffaceous
matrix and cement percentages were calculated using the
average values in the 16 micrographs from each thin
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Fig. 1. Geological overview of the study area.

(a) Location map of the Junggar Basin in northwestern China (China basemap after China National Bureau of Surveying and Mapping Geographical
Information); (b) sub-tectonic units of the Junggar Basin and location of the Southern margin of Junggar Basin; (¢) well locations and fault distributions
of the Sikeshu Sag; (d) generalized Lower Cretaceous Qingshuihe Formation stratigraphy in the Gaoquan area, Sikeshu Sag (C: Carboniferous; P:
Permian; T: Triassic; J: Jurassic; E: Paleogene; N: Neogene; Nys: Shawan Formation; N,#: Taxihe Formation; Nod: Donggou Formation; Q: Quaternary)

(modified from Hu et al., 2017).

section (Xi et al., 2019; Yang et al., 2020).

Based on the thin-section analysis, 21 core samples
were observed by a ZEISS Crossbeam 540-scanning
electron microscope equipped with an energy-dispersive
spectrometer (EDS). The Quanta FEG 450 energy-
dispersive spectrometer was used to make semi-
quantitative estimations of the geochemical elements of
tuffaceous fragments, tuffaceous matrix and other
diagenetic minerals. According to the point-count data,
cement identification and the formulas proposed by
Lundegard (1992) and Ehrenberg (1995), the compaction
porosity loss (COPL) and the cementation porosity loss
(CEPL) were estimated quantitatively to characterise the
compaction and cementation intensity, respectively,

COPL = OP — [(100 — OP) x IGV]/(100 — IGV) (1)

CEPL = (OP — COPL) x (CEM/IGV) )

where, OP is the original porosity of the clastic rock
reservoirs, assumed to be 40% for the -calculations
(Houseknecht, 1987), which is the volume percentage of
intergranular cement. IGV is the intergranular volume to
rock volume percentage, calculated using the sum of the
tuffaceous matrix volume, intergranular porosity and the
volume of intergranular cement (Wang et al., 2019).

Based on thin-section and SEM analysis, the element
geochemistry of tuffaceous components without alteration
in 33 samples was used for the quantitative estimation
using a JXA-8100 electron probe micro-analyser (EPMA)
with a spatial resolution up to 7 nm (measuring accuracy
of £1.0 wt% for major elements, and +3.0 wt% for trace
elements). Based on the dimensions of authigenic
minerals, the beam size for EPMA was 3-5 um. All
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Fig. 2. Rock composition of clastic rock reservoirs of Qingshuihe Formation in the Gaoquan area, Sikeshu sag.
(a) Histogram showing the abundances of the various types of rock fragments; (b) histogram showing the abundances of the various

types of interstitial materials.

elements were calibrated based on natural and synthetic
standards using the following materials (Xi et al., 2021):
SrO-celestite, Na,O-albite, MgO-diopside, SiO,-diopside,
K,0-sanidine, CaO-diopside, TiO,-benitoite, FeO-
hematite, MnO-bustamite and Cr,Os-chromium oxide.

Furthermore, the Bruker M4 Tornado high-performance
X-ray fluorescence spectrometer was used to investigate
the element distribution of the clastic particles of 10 thin
sections without cover slides to analyse their parent rock
geochemical properties. Each section was placed in a
chamber using an X-ray diffractometer with Rh radiation.
A silicon drift detector with a chip area of 30 mm®, energy
resolution (Mn Ka) smaller than 145 eV @ 300 Kcps and
beam size of 40 um was used to measure the element
content and distribution from Na'' to U*? by scanning the
thin section without cover slides.

4 Results

4.1 Rock component and types of parent rock
4.1.1 Rock component

According to the statistical results, the tuffaceous
components occupy an exceptionally high proportion in
the clastic rock reservoirs of the Qingshuihe Formation
(Fig. 2a). The average content of tuffaceous fragments was
60.00%, the highest among all fragments (Fig. 2b).
Observations of thin sections show that none of these
tuffaceous fragments are more than 2 cm in diameter (Fig.
6). Similarly, the average range of tuffaceous matrix was
4.95%, accounting for the highest proportion among all
interstitial materials (Fig. 2c¢).

4.1.2 Types of parent rock

The analysis results of X-ray fluorescence spectra show
that the main element distribution of tuffaceous fragments
in the Qingshuihe Formation displays a strong
heterogeneity at the thin-section scale. According to 2D
element scanning images, Si, Al and K of the tuffaceous

fragments in well G103 are high, whereas Fe and Mg are
low (Fig. 3). However, the tuffaceous fragments in well
G101 were poor in Si, Al and K but rich in Fe and Mg
(Fig. 3). Furthermore, all the above elements are enriched
in the tuffaceous fragments in well GHWO001 (Fig. 3).

Fragments are products of weathering and denudating
of parent rocks in the provenance area (Dickinson et al.,
1983; Bajestani et al., 2018). The XRF element scanning
results indicate that the tuffaceous fragments in the clastic
rock reservoirs of the Qingshuihe Formation come from
different parent rocks. We use the total alkali—silica (TAS)
plots proposed by Irvine and Baragar (1971) to identify
the parent rock types of tuffaceous fragments of the
Qingshuihe Formation. The element data points of the
tuffaceous fragments from well G101 are concentrated in
zones A and B, indicating that the parent rock type is
primarily ultramafic (Fig. 4). The distribution zone of
element data points in well G103 focuses on zone J,
indicating that trachyte andesite (intermediate rock)
dominates the parent rock (Fig. 4). The data points in well
GHWOO01 primarily distribute in zones H and I, and the
parent rock types are mixed with intermediate and mafic
rocks (Fig. 4). Based on the above analysis, the parent
rocks of tuffaceous fragments in the clastic rock reservoirs
of the Qingshuihe Formation include ultramafic, mafic and
intermediate rocks.

As another denudation product of the parent rocks in the
provenance area, the matrix also inherits the geochemical
characteristics of the parent rocks (Anda, 2012; Hong et
al., 2019). By analysing the distribution characteristics of
geochemical elements in the ternary diagram, the
tuffaceous matrix of the Qingshuihe Formation can divide
into three types. The Group-I tuffaceous matrix has low
FeO and MgO but high SiO, and K,0, indicating that their
corresponding parent rocks belong to the category of
intermediate rocks (Fig. 5). However, the Group-III
tuffaceous matrix has high FeO and MgO but low SiO,
and K,O (Fig. 5), reflecting that it is the denudation
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Fig. 3. The X-ray fluorescence (XRF) elemental maps showing the distribution and content of Si, Al, K, Fe and Mg in the tuffa-
ceous fragments of Qingshuihe Formation in the Gaoquan area, Sikeshu Sag (the location of the cored well is shown in Fig. 1c).
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Fig. 4. Plot of TAS of tuffaceous fragments in the clastic
rock reservoirs of Qingshuihe Fm., which is applied to

identify the parent rock properties of tuffaceous fragments.
A: foidite; B: picro-basalit; C: tephri-basanite; D: photo-tephrite; E:
tephri-phonolite; F: phonolite; G: basaltic; H: trachy-basalt; I: basaltic
trachyandesite; J: trachy andesite; K: trachyte trachydacite; L: basaltic
andesite; M: andesite; N: dacite; O: rhyolite; the location of the cored
well is shown in Fig. lc.

product of ultramafic parent rocks (Fig. 5). The FeO,
MgO, K,0 and SiO, contents in the Group-II tuffaceous
matrix are between Group-I and Group-III. However,
since the FeO content is much higher than that of Group-I

SiQ,
14 A0

S 73 110
@ Group-1l Q Group-11L K.0

25
@ Group-L

Fe®  MgO

Fig. 5. Ternary diagrams showing elemental geochemistry
(%) characteristics of tuffaceous matrix in the Qingshuihe
Formation tuffaceous clastic reservoirs of Gaoquan area,
Sikeshu sag.

(Fig. 5), Group-II tuffaceous matrix can be determined as
the denudation product of bare rocks.

4.2 Lithofacies and depositional units
4.2.1 Lithofacies types and characteristics

Studies have shown that lithofacies can affect reservoir
quality (Abdel-Fattah et al., 2022; Fu et al., 2022; Ye et
al., 2022). Based on the analysis of core colour, grain size,
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Fig. 6. Representative core photographs and photomicrographs of various lithofacies of Qingshuihe Formation in the Gaoquan

area, Sikeshu sag.

(a, b) Matrix-supported medium conglomerate, the sample comes from sample-1 at well G103; (c, d) grain-supported medium-fine conglomerate, the sam-
ple comes from sample-2 at well G101; (e, f) grain-supported sandy fine conglomerate, the sample comes from sample-3 at well GQS; (g, h) grain-
supported coarse sandstone, the sample comes from sample-4 at well GHWO001; (i, j) grain-supported fine sandstone, the sample comes from sample-5 at
well GHWO001. The sample point can be found in the Fig. 7. Tf: tuffaceous fragments; Q: quartz; F: feldspar; Mi: mica. The location of the cored well is

shown in Fig. lc.

texture and sedimentary structure, five lithofacies in the
study area were recognised (Supp. Table 1), including
matrix-supported medium conglomerate (Mmc), grain-
supported medium—fine conglomerate (Gmfc), grain-
supported sandy fine conglomerate (Gsfc), grain-
supported coarse sandstone (Sc) and grain-supported fine
sandstone (Sf).

The Mmc comprises grey or grey-green medium-
grained gravel with matrix support and poor sorting
characteristics. The shape (type: tuff) is semi-circular to
circular gravel, and their grain size ranges from 4 mm to 8
mm (Fig. 6a and b). A large amount of matrix filled the
intergranular pores, which are brick red (Fig. 6a). The
contact relationship between gravel is primarily non-
contact and point-contact, and some gravels seem to float
in the matrix (Fig. 6a).

Gmfc comprises medium and fine gravel with grain
support, and the gravels are mainly tuff (Fig. 6¢, d). The
contact relationship between gravels is point and line
contact (Fig. 6¢), and the content of brick red matrix
between gravels is slightly lower than that of matrix-
supported medium conglomerate (Fig. 6¢).

Gsfc comprises fine grey-green gravel with 2-3 mm
grain size and coarse sandstone (Fig. 6e, f). The
morphology of fine gravels is sub-angular to sub-circular,
with good sorting and low content of intergranular matrix
(Fig. 6e). Also, the parallel bedding can be observed
locally in the cores (Fig. 6¢).

Sc comprises grey and dark grey coarse sandstone with
grain support, good sorting and low matrix content (Fig.
6g). The grain size is concentrated in the range of 0.5-1
mm, and a small part of sandstones has a grain size of 1-2
mm (Fig. 6g, h).

Sf comprises fine grey-green sandstone with a grain size
of 0.1-0.25 mm (Fig. 61). The Sf has good sorting, and the
intergranular pores contain mica minerals (Fig. 6j).

4.2.2 Lithofacies association (LA)

Based on the lithofacies types and vertical stacking
patterns, the above-described five lithofacies of the
Qingshuihe Formation can be grouped into seven LAs.
LA1 comprises Gsfc with the characteristic of vertical
stacking (Fig. 7). The thickness is 0.5-1.5 m, with an
average value of 0.89 m. LA2 contains Gmfc, Gsfc and Sc
(Figs. 6c, e, g, 7). The thickness range of LA2 is 1.0-2.8
m, and the thickness of Gmfc accounts for 87%-91%,
indicating that this lithofacies is the primary part of LA2.
Brick red Gmfc, greyish-green Gsfc and Sc indicate that
LA2 has undergone alternating changes between oxidising
and reductive environments (Fig. 6c, e, g). The
distribution area of brick red is larger than that of grey-
green (Fig. 7), indicating that LA2 has been in the onshore
oxidising environment for a longer time.

LA3 comprises Gmfc and Gsfc with normally graded
characteristics (Figs. 6¢c, e, 7). The Gmfc is the primary
part of LA3, accounting for 90%. The distribution area of
brick red in LA3 is much larger than that of grey-green
(Fig. 7), indicating that LA3 has been in the oxidising
environment for a long time.

LA4 comprises Gsfc, Sc and Sf successively from the
bottom to the top, with normally graded characteristics
(Figs. 6e, g, i, 7). The Gsfc is the primary part of LA4,
accounting for 80%, whereas Sc and Sf only account for
10% each.

LAS5 contains Gsfc and Sc with normally graded
characteristics (Fig. 7), where Gsfc is the main part of
LAS.

LAG6 consists of Gsfc and Sc (Figs. 6e, i, 7), with
typically graded characteristics, where Gsfc is the primary
part of LAG6.

LA7 entirely comprises Mmc (Figs. 6a, 7) with a
thickness of 1.0-1.5 m, and the large distribution area of
brick red indicates that LA7 is in an oxidising
environment (Fig. 7).
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Fig. 7. Section of lithofacies, lithofacies association and depositional unit of Qingshuihe Formation in the Gaoquan area, Sikeshu sag.

Based on the above analysis, the Qingshuihe Formation
primarily develops three lithofacies assemblages,
including LA1, LA2 and LA7 (Fig. 8). Therefore, the
Mmc, Gmfc and Gsfc can represent the primary lithofacies
types in the Qingshuihe Formation clastic rock reservoirs

(Fig. 8).

4.3 Diagenesis of tuffaceous clastic rock

The diagenetic types of the Qingshuihe Formation
clastic rock reservoirs in the study area include mechanical
compaction, alteration and dissolution.

4.3.1 Mechanical compaction

Mechanical compaction is essential in decreasing
intergranular volume (Chester et al., 2004; Ajdukiewicz et
al.,, 2010; Taylor et al.,, 2010). The compaction of the
Qingshuihe Formation is strong, but the compaction
intensity of different lithofacies differs significantly. The
contact relationship between detrital particles in the Mmc
and Gmfc includes line and concavo-convex contact,
indicating strong compaction indirectly (Fig. 9a, b).
However, the contact relationship of detrital particles in

Gsfc primarily includes point and point-line contact,
indicating weak compaction (Fig. 9c).

4.3.2 Component alteration

This study defines tuffaceous fragments and matrix as
tuffaceous components. After the tuffaceous components
are deposited in the basin, their alteration occurs easily
(Zhu et al., 2016; Cui et al., 2022). The alteration products
of tuffaceous components are primarily affected by their
geochemical properties, formation temperature, formation
pressure and diagenetic environment (Worley et al., 1996;
Castro et al., 2008; Rowe et al., 2012; Hellevang et al.,
2013; Zheng et al., 2018). The clastic rocks of the
Qingshuihe Formation in the study area have similar
burial-thermal history and burial depth (indicating similar
temperature-pressure fields) (Gao et al., 2023), and their
diagenetic stages are in the eodiagenetic B stage to meso-
diagenetic A stage (meaning similar diagenetic
environments) (Gao et al.,, 2023; Jin J et al., 2023).
Therefore, the geochemical properties of tuffaceous
components are essential for the types of alteration
products.
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Fig. 8. The proportion of lithofacies and lithofacies association in the Qingshuihe Formation in the Gaoquan area,

Sikeshu sag.
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Fig. 9. Mechanical compaction characteristics of clastic rock reservoirs and alteration characteristics of tuff debris of

Qingshuihe Formation in the Gaoquan area, Sikeshu sag.

(a) Matrix-supported medium conglomerate, (PPL), showing the relationship of grain-contacts is mostly linear to concavo-convex; (b) grain-
supported medium-fine conglomerate(PPL), showing the relationship of grain-contacts is mostly linear; (c) grain-supported sandy fine conglomerate
(PPL), showing the degree of mechanical compaction is relative weak; (d) grain-supported sandy fine conglomerate (PPL), showing altered tuffa-
ceous fragments and precipitated chlorite; () grain-supported sandy fine conglomerate(PPL), showing the chlorite coating is developed on the
edges of altered tuffaceous fragments; (f) grain-supported medium-fine conglomerate(RL), showing altered tuffaceous fragments and precipitated
hematite. Tf: tuffaceous fragments; Ch: chlorite; Ch-C: chlorite coating; Hm: hematite; PPL: plane-polarized light; RL: reflected light.

(1) Tuffaceous fragment alteration

According to Section 4.1.2, the parent rock types of
tuffaceous fragments in the Qingshuihe Formation include
ultramafic, mafic and intermediate rocks (Fig. 3). The
alteration product of ultramafic-mafic tuffaceous
fragments in the Gsfc is chlorite (Fig. 9d, e). However,

hematite is the alteration product of ultramafic—mafic
tuffaceous fragments in the Gmfc (Fig. 9f).

(2) Tuffaceous matrix alteration

Like the tuffaceous fragments, the tuffaceous matrix
also underwent apparent alteration. The tuffaceous matrix
can transform into chlorite, illite and hematite. First,
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Fig. 10. Characteristics of tuffaceous matrix alteration and its element geochemical response in the Qingshuihe For-

mation clastic rock reservoirs of Gaoquan area, Sikeshu sag.

(a, b) Tuffaceous matrix transform to chlorite (grain-supported sandy fine conglomerate, PPL); (c) SEM and EDS of marked site showing the
Fe-rich tuffaceous matrix; (d, e) tuffaceous matrix transform to hematite, and some microcrystalline quartz can be seen in the matrix (grain-
supported medium-fine conglomerate, PPL); (f) SEM and EDS of marked site showing the Fe-rich tuffaceous matrix; (g) tuffaceous matrix
transform to illite is very strong (matrix-supported medium conglomerate, PPL); (h) tuffaceous matrix transform to illite is very weak (grain-
supported sandy fine conglomerate, PPL); (i) SEM and EDS of marked site showing the K-rich tuffaceous matrix. Tm—Ch: tuffaceous matrix
transform into chlorite; Tm—Hm: tuffaceous matrix transform into hematite; Tm—1I: tuffaceous matrix transform into illite; Qm: microcrystal-
line quartz; Ch-C: chlorite coating; PPL: plane-polarized light; CPL: cross-polarized light.

transforming the tuffaceous matrix to chlorite primarily
occurred in the Gsfc. In the chloritized tuffaceous matrix,
needle-shaped chlorite usually distributes in the matrix or
develops on the edge of the detrital particles (Fig. 10a, b).
The EDS analysis shows that the chloritized tuffaceous
matrix contains abundant Fe elements (Fig. 10c).

In addition to chlorite, the Fe-rich tuffaceous matrix can
also be transformed into hematite, primarily occurring in
the Mmc or Gmfc. The colour of the hematized tuffaceous
matrix is brown or deep brown under plane-polarized
light, and the microcrystalline quartz produced by
devitrification can be observed in the tuffaceous matrix
(Fig. 10d, e). The EDS analysis shows that the hematized
tuffaceous matrix is also rich in Fe elements (Fig. 10f).

The tuffaceous matrix can be transformed not only into
ferruginous minerals but also into illite. This alteration
phenomenon is more evident in Mmc and Gmfc (Fig. 10g)
but not in Gsfc (Fig. 10h). The fibrous-shaped illite
formed by tuffaceous matrix alteration is light yellow
under plane-polarized light (Fig. 10g). SEM and EDS
analyses show that the tuffaceous matrix that can
transform into illite has high K and low Fe and Mg (Fig.
101).

4.3.3 Tuffaceous component dissolution
Dissolution is a critical factor in improving the quality
of clastic rock reservoirs (Mansurbeg et al., 2008; Morad

et al., 2010). Two kinds of dissolution exist in the clastic
rock reservoirs of the Qingshuihe Formation, such as
tuffaceous fragments and tuffaceous matrix dissolution.
The dissolution characteristics of tuffaceous components
are significantly different under the backgrounds of
different depositional units and lithofacies.

(1) Tuffaceous fragment dissolution

The dissolution intensity of tuffaceous fragments in
Mmc and Gmfc is typically weak but strong in Gsfc. For
example, the feldspars in tuffaceous fragments have no
noticeable dissolution in Mmc and Gmfc but are almost
entirely dissolved in Gsfc (Fig. 11a, b).

(2) Tuffaceous matrix dissolution

According to the analysis results in Section 4.3.2, the
hematitization and illitization of the tuffaceous matrix in
Mmc and Gmfc are common, resulting in only a few
tuffaceous matrices dissolved (Fig. 11c, d). However, the
Fe- and K-rich tuffaceous matrix in the Gsfc has an
apparent dissolution (Fig. 1le, f). Chlorite coating can be
observed on the edges of detrital particles around the
remnants of the Fe-rich tuffaceous matrix after the
dissolution (Figs. 10a, 11e).

4.4 Reservoir quality

The lithofacies and the parent rock types noticeably
affect the reservoir physical properties (Liu et al., 2012;
Hou et al., 2013; Kra et al., 2022; Yang et al., 2022). From
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Fig. 11. Dissolution characteristics of tuffaceous fragments and tuffaceous matrix in the Qingshuihe Formation clastic rock

reservoirs of Gaoquan area, Sikeshu sag.

(a) Photomicrograph of the thin section showing the feldspathic phenocryst of tuffaceous fragments has a weak dissolution (grain-supported medi-
um-fine conglomerate, PPL); (b) photomicrograph of the thin section showing the feldspars in tuffaceous fragment has a strong dissolution (grain-
supported sandy fine conglomerate, PPL); (c) photomicrograph of the thin section showing the tuffaceous matrix transform to hematite and has a
weak dissolution (grain-supported medium—fine conglomerate, PPL); (d) photomicrograph of the thin section showing the tuffaceous matrix trans-
form to illite and has a weak dissolution (matrix-supported medium conglomerate, PPL); (e) photomicrograph of the thin section showing the Fe-
rich tuffaceous matrix is dissolved and chlorite coating is developed on the edge of clastic particles around the tuffaceous matrix remnant (grain-
supported sandy fine conglomerate, PPL); (f) photomicrograph of the thin section showing the K-rich tuffaceous matrix without alteration has a
strong dissolution (grain-supported sandy fine conglomerate, PPL). Tf: tuffaceous fragments; Tm: tuffaceous matrix; F: feldspar; Hm: hematite; Ch:
chlorite; Ch-C: chlorite coating; I: illite; SP: secondary pore; PPL: plane-polarized light.
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Fig. 12. Characteristics of tuffaceous clastic rock reservoirs properties of Qingshuihe Formation in the

Gaoquan area, Sikeshu sag.

(a) Plots of the relationship between porosity and permeability of different lithofacies from the test and collected data; (b)
the distribution characteristic of porosity in different tuffaceous matrix; (c) the distribution characteristic of permeability in
different tuffaceous matrix. Mmc: matrix-supported medium conglomerate; Gmfc: grain-supported medium-fine conglomer-

ate; Gsfc: grain-supported sandy fine conglomerate.

The porosity of Gmfc is 1.0%-3.8% (avg. 2.3%). The
permeability is 0.03 to 2.71 mD (avg. 0.46 mD) (Fig. 12a).
Overall, the physical properties of Gsfc are good.
However, the Mmc and Gmfc are poor.

The proportion of tuffaceous matrix in interstitial

a lithofacies perspective, the porosity of Gsfc ranges from
6.0% to 17.4% (avg. 8.8%) and the permeability is 0.26—
61.70 mD (avg. 7.0 mD) (Fig. 12a). The porosity of Gmfc
ranges from 2.6 to 8.2% (avg. 4.9%), and the permeability
ranges from 0.29 to 6.06 mD (avg. 1.51 mD) (Fig. 12a).
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materials is the highest (Fig. 2c), also noticeably
influencing the reservoir physical properties. The
Qingshuihe Formation has three tuffaceous matrix types
(Fig. 5). The porosity of reservoirs containing Group-II
ranges from 8.1% to 11.1%, and the permeability from
434 to 21.70 mD, which belongs to the high-quality
reservoirs (Fig. 12b, c). However, the porosity of
reservoirs containing Group-III is 3.2%—-5.6%, and the
permeability is 0.02—6.92 mD, which belongs to the poor
reservoirs (Fig. 12b, c). The parts of the reservoirs
containing Group-I are high-quality reservoirs, and their
porosity is 7.6%—11.1% and permeability is 1.95-16.00
mD (Fig. 12b, c). However, other parts of reservoirs
containing Group-I are poor reservoirs, with porosity less
than 3.0% and permeability less than 0.02 mD (Fig. 12b, c).

5 Discussion

5.1 Impact of sedimentation and parent rock on
diagenesis
5.1.1 Impact of sedimentation on diagenesis

The original physical property and the pore structure of
clastic rocks influence the diagenetic reformation of
reservoirs (Morad et al., 2000; Mansurbeg et al., 2008;
Dutton and Loucks, 2010; Bjerlykke, 2014). Studies have
shown that sedimentation controls the original physical
properties of reservoirs (Morad et al., 2000). Different
sedimentary systems have different hydrodynamic
environments, transport distances of sediments, textural
maturity and compositional maturity, resulting in other
depositional units developing different lithofacies (Liu et
al., 2022; Wu et al., 2022). Due to the various original
physical properties and pore structures of different
lithofacies, the closure intensity of the corresponding
geochemical system has differed before the burial stage,
and the subsequent diagenetic intensity differs.

The main channels of the upper fan delta plain and
distributary channels of the lower fan delta plain are close
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Fig. 13. The sedimentary facies distribution of Qingshuihe
Formation in the Gaoquan area, Sikeshu sag.

to the provenance, the fluid types are dominated by debris
flow with high density and viscosity, and the proportion of
traction current is low (e.g., wells G103 and G101; Figs. 7,
13; Supp. Table 1). Consequently, Mmc and Gmfc have
poor sorting and high matrix content (Supp. Table 1; Figs.
6a, b, 14a, b), resulting in strong compaction condition
and closed original geochemical system. The
desulfurization and metamorphism coefficients of
formation water can indirectly reflect the closure degree of
geochemical system (Chen et al., 2012). The metamorphic
coefficient and desulfurization coefficient of Mmc and
Gmfc are 0.6-0.9 and 0.6-5.0, which indirectly indicate
that the geochemical system of Mmc and Gmfc is much
closed (Fig. 15). The exchange degree of materials in the
reservoir depends on the sealing degree of the
geochemical system (Giles and De Boer, 1990; Higgs et
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Fig. 14. The characteristics of sorting and matrix content of
different lithofacies of Qingshuihe Formation in the
Gaoquan area, Sikeshu sag.
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Fig. 16. Plot of intergranular volume (IGV) versus volume of cement in the Qingshuihe Formation tuffaceous clastic reser-

voirs of different sedimentary facies and lithofacies.

According to the diagram proposed by Houseknecht (1987), assuming an original porosity of 40%. Mmc: matrix-supported medium conglomerate;
Gmfc: grain-supported medium-fine conglomerate; Gsfc: grain-supported sandy fine conglomerate.

al., 2007; Molenaar et al., 2015; Yuan et al., 2017). When
the geochemical system is very closed, the alkaline ions in
the pore fluids are oversaturated and precipitate many
diagenetic minerals in the pores (Bjerlykke and Jahren,
2012; Yuan et al., 2015). Therefore, Mmc and Gmfc also
have the characteristics of strong cementation and weak
dissolution (Figs. 10d, e, g, 11a, b, f, g).

Compared with the fan delta plain, the underwater
distributary channels of the fan delta front belong to the
traction current category, which has a strong
hydrodynamic environment (e.g., wells GQS5 and
GHWOO01; Figs. 7, 13; Supp. Table 1). The sediments in
this depositional unit were adequately washed with high-
energy water, improving the grain sorting and decreasing
the tuffaceous matrix content between detrital particles
(Figs. 6e, f, 14a, b). Therefore, the compaction intensity of
Gsfc was noticeably weaker than that of Mmc and Gmfc
(Fig. 9c), facilitating the preservation of geochemical
system openness and mitigating the damage of mechanical
compaction on exchange degree of materials. The
formation water characteristics show that the metamorphic
coefficient of is 0.9-1.1, and the desulfurization
coefficient is 39.4-46.1 (Fig. 15), which indicates that the
geochemical chemical system of Gsfc is less closed than
that of Mmc and Gmfc. Therefore, when the burial depth
is similar, the dissolution intensity in the Gsfc is stronger
than Mmc and Gmfc (Fig. 11b, e, f), and the cementation
strength is weak (Figs. 9c, 10h). Figure 16 shows that the
loss of intragranular volume of Gsfc is lower (COPL is
50%—75%) than that of Mmc and Gmfc (COPL > 75%).

5.1.2 Impact of parent rock on diagenesis

In addition to sedimentation, the geochemical properties
of the parent rock also noticeably influence the diagenesis
of tuffaceous clastic rock reservoirs (Liu et al., 2012; Hou
et al., 2013). Studies have shown that tuffaceous
components can inherit the geochemical properties of their
parent rocks (Anda, 2012; Hong et al., 2019). However,
even if tuffaceous components come from the same parent
rock type but the sealing degree of the geochemical
system differs, their diagenetic evolutionary results will be
significantly influenced. According to the analysis in

Section 4.1.2, the diagenetic evolutionary results of
tuffaceous  components  of  different  lithofacies
significantly differ.

First, we will discuss the mechanism of different
diagenetic evolutionary results of Fe-rich tuffaceous
components. The original geochemical system of Mmc
and Gmfc is closed, making it challenging for Fe elements
released from Fe-rich tuffaceous components to migrate to
other parts of the reservoir, resulting in the concentration
of Fe’ in pore water reaching oversaturation.
Simultaneously, Mmc and Gmfc were primarily in the
oxidised sedimentary environment before the burial stage,
which can promote Fe** to Fe’" transformation through
oxidation, forming hematite. However, the Fe-rich
tuffaceous matrix in the Gsfc primarily transforms into
chlorite, and chlorite coating frequently develops on the
edge of the detrital particles (Fig. 10a, b). Studies have
shown that Fe and Mg elements can combine with
precursor clay minerals and transform into chlorite coating
in high-energy hydrodynamic and underwater reductive
environments (Cao et al., 2018; Zhao et al., 2022). The
Gsfc was in the underwater distributary channels, with
high-energy hydrodynamic force and coarse grain size,
and the bed load became the critical way to transport the
sediments. The laws of fluid mechanics control the
transportation and deposition of detrital grains and
matrices in a medium (Cao et al., 2018). The high-energy
hydrodynamic environment decreases the pressure over
the particle surface. Simultaneously, the tuffaceous matrix
suspended in water does not move relative to the flow,
resulting in a higher pressure over the matrix surfaces than
the detrital grain surfaces (Cao et al., 2018). This process
leads to the motion between the matrix and detrital grains,
leading to the matrix covering the grain surface and
forming a coating structure. The tuffaceous matrix can be
altered into smectite (Klass et al., 1981; Ahn and Peacor,
1985; Burton et al., 1987). Through the above mechanism,
the Fe-rich tuffaceous matrix covering the grain surface
can be recrystallised in situ and transformed into chlorite
crystals (Billault et al., 2003; Sun et al, 2020).
Furthermore, the alteration and dissolution of tuffaceous
fragments can provide Fe and Mg elements to form
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chlorite coating (Figs. 9d, e, 11d, e).

Similarly, alteration dominates the K-rich tuffaceous
matrix due to the poor original physical properties of Mmc
and Gmfc. The K elements produced by alteration are
difficult to migrate, gradually increasing the K'
concentration in pore water. Then, these K* combine with
the smectite produced by tuffaceous matrix alteration and
transform it into illite (Fig. 10g). Studies have shown that
smectite can combine with K elements to form illite at 20—
200°C (Boles and Franks, 1979; Sun et al., 2020). This
understanding indicates that during the eodiagenetic to the
meso-diagenetic stage, in addition to mechanical
compaction, the diagenetic event of Mmc and Gmfc is
mainly dominated by the illitization of K-rich tuffaceous
matrix, whereas other diagenetic events are weak.
However, the Gsfc has an excellent original geochemical
system, and K released by tuffaceous matrix alteration is
challenging to enrich in pore water, inhibiting the
phenomenon of illitization (Fig. 10h). Therefore, when the
burial depth is similar, the geochemical system of Gsfc is
relatively more open than that of the Mmc and Gmfc due
to the weak compaction intensity, and the K-rich
tuffaceous components can be fully dissolved by felsic
fluids (Fig. 10i).

Based on the above analysis, we established four typical
diagenetic types of tuffaceous clastic rock reservoirs of the
Qingshuihe Formation in the study area. The chloritization
(Type-I) and dissolution (Type-II) of tuffaceous
components primarily develop in the underwater
distributary channels of the fan delta front. However, the
hematitization (Type-III) and illitization (Type-IV) of
tuffaceous components primarily occur in the main
channels of the upper fan delta plain and the distributary
channels of the lower fan delta plain (Fig. 17).

5.2 Impact of sedimentation and diagenesis on reservoir
quality

Studies have shown that tuffaceous components have
adverse effects on clastic reservoir quality. For example,
tuffaceous fragments are ductile with poor compaction
resistance, unconducive to preserving intergranular pores
(Li et al., 2020; Deng et al., 2022; Gao et al., 2023). The
tuffaceous matrix occupied the intragranular volume as the
interstitial materials and caused the loss of intergranular
pores (Cao B F et al., 2020; Wei et al., 2020, 2021).
However, according to the analysis in Section 5.1, the
diagenetic evolutionary results of tuffaceous components
from different parent rocks are entirely different in
different depositional units and lithofacies, and their
influences on reservoir quality differ significantly.

The tuffaceous matrix in Mmc and Gmfc easily
transforms into hematite and illite. These diagenetic
minerals are difficult to dissolve by felsic fluids and
occupy many intragranular pores (Fig. llc, d), which
could be unconducive to improving reservoir quality. In
Figure 12, we can see that no matter whether the Fe
content in the tuffaceous matrix is high (Group-I) or low
(Group-III), both the porosity and permeability in Mmc
and Gmfc of the fan delta plain are poor (Fig. 12b, c).
Furthermore, the loss of Fe caused by the transformation
from the Fe-rich tuffaceous matrix to hematite in Mmc

and Gmfc makes chlorite coating difficult to develop,
causing the poor compaction resistance of tuffaceous
fragments and intensifying the loss of intragranular pores
during the burial stage. This is another crucial factor
causing the poor reservoir quality in the Mmc and Gmfc.
There is an apparent negative correlation between
tuffaceous fragments' content and porosity in the Mmc and
Gmfc (Fig. 18a, b).

However, the Gsfc is in the underwater reductive
environment with high-energy hydrodynamic force. They
have a good sorting and an open original geochemical
system so that the diagenetic evolutionary results of
different tuffaceous matrices are conducive to forming
high-quality reservoirs. For example, both K-rich and Fe-
rich tuffaceous matrices can be fully dissolved by felsic
fluids in the diagenetic stage and provide many secondary
pores (Figs. 10a, 11h, i). Figure 12 shows that no matter
whether the Fe content in the tuffaceous matrix is high
(Group-II) or low (Group-I), the porosity and permeability
of Gsfc of the fan delta front are significantly higher than
in Gmfc and Mmc of the fan delta plain (Fig. 12b, c).
Furthermore, the Fe-rich tuffaceous matrices in Gsfc can
also transformed into chlorite coating and enhance the
compaction resistance of detrital particles (Figs. 10b, 11e,
h). Figure 18 shows an apparent positive correlation
between tuffaceous fragments' content and porosity in the
Gsfc.

Based on the above analysis, sedimentary facies and
parent rock types are crucial in controlling the diagenetic
evolution of tuffaceous components and reservoir quality.
Sedimentary facies are a prerequisite for developing high-
quality tuffaceous clastic rock reservoirs. The sedimentary
facies determine whether the original physical property is
good or poor and whether the original geochemical system
is open or closed. It guides the tuffaceous components
with different parent rock properties to experience various
diagenetic evolutions. In this study, the tuffaceous
components developed in the underwater distributary
channels of the fan delta front (the primary fluid property
is traction current) usually have constructive diagenetic
evolutionary results, which are conducive to forming high-
quality reservoirs. However, the primary fluid property of
the main and distributary channels in the fan delta plain is
debris flow, and the tuffaceous components usually have
destructive diagenetic evolutionary results, which are
unsuitable for forming high-quality reservoirs. Therefore,
if we want to find high-quality reservoirs in continental
petroliferous basins containing volcanic eruption and delta
depositional backgrounds, the exploration targets should
focus on the depositional units with high-energy
hydrodynamic environments, traction current as the
primary fluid property and ultramafic and rocks as the
primary parent rock types.

6 Conclusions

(1) The primary lithofacies of the Qingshuihe
Formation includes matrix-supported medium
conglomerate (Mmc) developed in the main channel of
upper fan delta plain, grain-supported medium—fine
conglomerate (Gmfc) formed in the distributary channel of
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lower fan delta plain and grain-supported sandy fine
conglomerate (Gsfc) developed in the underwater
distributary channel of fan delta front.

(2) The skeletal particles and interstitial material in
clastic rock reservoirs of the Qingshuihe Formation are
dominated by tuffaceous fragments and matrices,
respectively. The original parent rock types of tuffaceous
fragments and tuffaceous matrices can be classified as
ultramafic, mafic and intermediate rocks.

(3) The evolutionary results of tuffaceous components
in different lithofacies are significantly different. The
tuffaceous components in Mmc and Gmfc mainly
transform into hematite and illite, which are difficult to
dissolve by felsic fluids. However, the tuffaceous

components in Gsfc primarily transform into chlorite
coating or are dissolved adequately.

(4) The original geochemical system of Mmc and Gmfc
is closed. It has an oxidation environment for a long time,
which usually causes the evolutionary results of the
tuffaceous components to be unfavourable for preserving
primary pores and developing secondary pores. Therefore,
the reservoir quality in Mmc and Gmfc is poor.

(5) The original geochemical system of Gsfc is open
and in a high-energy hydrodynamic environment, enabling
the evolutionary result of the tuffaceous components is
usually conducive to the preservation of primary pores and
the development of secondary pores. As a result, the
reservoir quality of Gsfc is much better than that of the
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Mmc: matrix-supported medium conglomerate; Gmfc: grain-supported medium-fine conglomerate; Gsfc: grain-supported sandy fine conglomerate.

Mmc and Gmfc, coming the preferred target for oil-gas
exploration and development.

(6) The understanding proposed in this study that
sedimentary unit, lithofacies and parent rock’s
geochemical properties jointly control the diagenetic
evolution and reservoir quality of tuffaceous clastic rocks
provides more guidance for predicting the distribution of
high-quality clastic rock reservoirs under the background
of volcanic parent rock supply.
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