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ARTICLE INFO ABSTRACT

Keywords: In order to better predict the petrophysical properties of the tight sandstone reservoirs in the Upper Triassic
Tight sandstone reservoirs Yanchang Formation, Ordos Basin, China, the nature of the diagenetic system involved was investigated using a
Diagenesis suite of petrographic and geochemical techniques including thin section and X-Ray Diffraction analysis, scanning

Closed geochemical system
Yanchang Formation
Ordos Basin

electron microscopy, MAPS mineralogy, Cathodeluminescence, electron probe microanalysis and fluid inclusion
analysis on a set of selected tight sandstone samples. The sandstones investigated are texturally mature but
compositionally immature with an average framework grain composition of Q3,F4;L>,. Authigenic quartz, cal-
cite, and chlorite coatings are the major cements, while feldspars are partially dissolved. Two groups of quartz
cement are present in the tight sandstone reservoirs. Smectite to illite conversion provided silica source for the
first group of quartz overgrowth (Qo-I), while the silica source for the second quartz overgrowth (Qo-II) was
mainly originated from feldspar dissolution. Calcite cements consist of two types, namely Ca-I and Ca-II. The Ca-I
calcite cement contains no chlorite coatings and have higher concentrations of Fe?" and Mg?*, whereas the Ca-
1I calcite cement developed over the chlorite coatings. Plagioclase dissolution appears to be always accompanied
by calcite cementation, while K-feldspar albitization forms euhedral albite locally. The burial diagenesis pro-
cesses were, in most cases, not episodic but occurred as slow adjustments in response to increased burial depths
and temperatures. In all the studied diagenetic minerals, elemental distributions appear to be strictly constrained
by the interaction of authigenic minerals involved, indicating that the chemical reactions during the diagenesis
comply well with the general principle of mass balance. The diagenesis in the Upper Triassic Yanchang
Formation tight sandstones was thus mainly developed in a closed geochemical system, where mineral dis-
solution and precipitation are approximately balanced, and diagenetic fluids were not affected by external
sources significantly. Mechanical compaction has played a more important role in destroying the primary
porosities of the Upper Triassic Yanchang Formation than the cementation.

1. Introduction

Reservoir quality is considered as the crucial factor for effective and
viable tight sandstone oil exploration (Fic and Pedersen, 2013; Stroker
et al., 2013; Liu et al., 2014; Xi et al., 2015a; Zhou et al., 2016). Tight
sandstone reservoirs have generally experienced complicated diage-
netic alterations, causing reservoirs to become tight progressively
during burial and thermal evolution (Karim et al., 2010; Dutton and
Loucks, 2010; Wolela, 2012; Yuan et al., 2015). To better predict re-
servoir quality due to diagenetic alteration, it is necessary to ascertain
the nature of the diagenetic system and the processes involved. If
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diagenetic reactions occurred in a closed geochemical system, the
chemical reactions involved in diagenesis can be accurately constrained
by mass balance equations, which provide a basis for making reservoir
quality predictions using assumptions on primary mineral compositions
related to facies and provenance (Bjorlykke and Jahren, 2012;
Bjorlykke, 2014). Reservoir quality predictions, however, would be
difficult to be made, when large-scale material exchanges occurred in
an open geochemical system (Bjorlykke and Jahren, 2012). Therefore,
the nature of the diagenetic system involved geochemically, whether it
is a closed or an open system, must be understood when proposing a
reasonable predictive model for sandstone reservoirs (Ajdukiewicz and
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Lander, 2010; Yuan et al., 2015).

The issue relating to whether deeply buried diagenetic systems are
open or closed has been under dispute over a long period. Some re-
searchers insist that deeply buried diagenetic reactions mainly happen
in a closed geochemical system where diagenetic alterations can be
regarded as coupled dissolution-and-precipitation processes; and that
the geochemical constraints for mass transfer during buried diagenetic
reactions can be reasonably accepted (Giles and De Boer, 1990; Chuhan
et al., 2001; Higgs et al., 2007; Bjgrlykke and Jahren, 2012; Yuan et al.,
2015). Other studies, however, showed that open geochemical system
diagenesis also existed in some deeply buried sandstones where authi-
genic minerals can be externally sourced with byproducts being ex-
ported freely (Wilkinson et al., 1997; Taylor et al., 2010; Zhang et al.,
2014; Worden et al., 2015). For example, ions can be transported from
adjacent mudstones to reservoir sandstones and precipitate as the au-
thigenic minerals (Wilkinson et al., 1997; Taylor et al., 2010; Zhang
et al., 2014). Deep hydrothermal solution can also migrate to the re-
servoir sandstones through deep-fault and provide material sources for
authigenic minerals (Worden et al., 2015; Xi et al., 2016).

The Upper Triassic Yanchang Formation is an important oil-bearing
formation in the Ordos Basin. The sandstone reservoirs are tight and
heterogeneous in this area (Zhou et al., 2016). Previously, the wide-
range porosity variations were attributed to variations in the content of
calcite cementation and chlorite coatings (Wang et al., 2017), sug-
gesting that diagenesis is the primary control on reservoir quality.
However, there has been little or no work done on whether the di-
agenetic system was an open or closed system. It is thus essential to
understand the nature of the geochemical system involved in the di-
agenesis to better predict reservoir quality of the tight sandstone re-
servoirs. The main objectives of this research are: 1) to document
sandstone diagenesis through detailed petrographic characterization
and geochemical analysis, 2) to investigate the nature of the geo-
chemical diagenesis system, 3) to discuss the paragenetic sequence of
diagenesis and the impacts on reservoir quality in the Upper Triassic
Yanchang Formation tight sandstones.

2. Geological background

The Ordos Basin is a polycyclic sedimentary craton basin located in
the western part of the north China platform (Fig. 1). The basin is a
gentle monocline with an east-to-west dip of less than 1° (Lai et al.,
2016). It is bounded by the Qinling Mountains in the south, the Yin
Mountains in the north, the Luliang Mountains in the east and the
Helan-Liupan Mountains in the west with an area of about
250 x 10°km? (Fig. 1). It can be further subdivided into 6 first-order
sub-tectonic units, namely the Yimeng uplift and the Weibei uplift in
the northern and southern margins, the Jinxi flexural fold belt and the
Western edge thrusting belt in the eastern and western margins, the
Tianhuan depression and the Shanbei slope in the central part of the
basin (Fig. 1). The study area, as one of the most oil-rich zones in the
Triassic reservoirs, is located in the southwestern part of the basin,
encompassing the Jiyuan, Huanjiang and Longdong areas from north to
south (Fig. 1).

During the Paleozoic-Mesozoic the Ordos Basin evolved from a
Cambrian-Early Ordovician cratonic basin with divergent margins,
through a Middle Ordovician-Middle Triassic cratonic basin with con-
vergent margins to a Late Triassic-Early Cretaceous intraplate remnant
cratonic basin (Yang et al., 2005). The structural framework of the
basin was mainly developed during the Mesozoic (Tang et al., 2014),
when a widespread Paleozoic marine to non-marine stratigraphic se-
quence was superimposed (Liu et al., 2008; Ritts et al., 2009). During
the Middle to Late Triassic Period, the Ordos Basin changed from
marine facies, through transitional facies to continental facies as a re-
sult of the Indo-China movement, developing into an inland lake basin
(Ji et al., 2010). From the Middle Triassic to the Middle Jurassic the
basin was predominantly filled with fluvial-lacustrine sediments (Zhao
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et al., 2015). Two major Mesozoic petroleum systems are present in the
basin namely, the Upper Triassic Yanchang Formation and Lower Jur-
assic Yan'an Formation (Duan, 2012).

The Upper Triassic Yanchang Formation sandwiched in-between the
Middle Triassic Zhifang Formation and the Lower Jurassic Yan'an
Formation (Fig. 2), comprises sediment sequences deposited from the
Carnian to the Norian stages, which are dominated by alluvial fan, an
alluvial plain, deltaic, fluvial and lacustrine facies (Qiu et al., 2014).
The provenances of the sediments are mainly derived from the Liu-
panshan and Qinling orogenic belts (Xie, 2016). The thickness of the
Yanchang Formation ranges from about 200 m to 1400 m (Fig. 2), re-
cording the evolution process of the formation, expansion, contraction,
and extinction of a large lacustrine system (Zhu et al., 2013). The
Yanchang Formation can be further divided into 10 members (Fig. 2),
namely Chang 10 (Ch10) to Chang 1 (Ch1) from bottom to top of the
formation (Duan et al., 2008). Among them, Chang 7 and Chang 4 + 5,
developed at the most expansive stage of the palaeo Ordos Lake, are
dominated by dark shales as excellent source rocks (Fig. 2). Chang 9
consists of thick shales and interbedded sandstones, acting as both
source rocks and reservoirs. Other members consist predominantly of
sandstones and siltstones with some interbedded mudstones (Tang
et al., 2014). The studied members, Chang 8 and Chang 9, consist of
thickly layered sandstones deposited in the braided-delta subaqueous
distributary channels (Wang et al., 2017). In general, the Upper Triassic
Yangchang Formation sandstone reservoirs are tight and heterogeneous
(Zhou et al., 2016), with porosity ranging from 0.33 to 18.05% with an
average of 8.27%, and the permeability varying from 0.001 to 56.32
mD with an average of 0.85 mD (Fig. 3).

3. Samples and methods

The studies focus on the Upper Triassic Yangchang Formation
sandstones in the southwestern Ordos Basin where most of the produ-
cing oil fields are located and consequently most drillings have taken
place. Over 500 core samples and 2713 reservoir porosity and perme-
ability data were collected from the Research Institute of Petroleum
Exploration and Development, Changqing Oilfield Company,
PetroChina.

3.1. Thin section petrography and XRD mineralogy

More than 200 blue epoxy resin impregnated thin sections were
prepared for petrographic and diagenesis analyses. The thin sections
were partly stained by alizarin red for carbonate mineral determination.
Point counting was performed on 34 tight sandstone samples. Each thin
section was point counted with at least 400 points to obtain miner-
alogical compositions, authigenic minerals content, feldspar dissolution
porosity data. Sorting of the sandstones were estimated and grain sizes
for the samples were measured using a Zeiss Axioscope A1 APOL digital
transmission microscope equipped with the Image-Pro Plus software.

A total of 96 reservoir sandstone samples were analyzed for whole-
rock (bulk) and clay fraction (< 2um) mineralogy using X-Ray
Diffraction (XRD). The sample preparation, analysis and interpretation
procedures used by Moore and Reynolds (1997) and Hillier (2003) were
adopted. About 5.0 g of each sample was crushed, milled in ethanol in a
McCrone micronizing mill and then dried at 60 °C. Randomly oriented
powders were prepared by top-loading into PMMA (Poly-
methylmethacrylate) sample holders designed with concentric circular
geometry grooved shallow wells. The powder diffraction patterns were
then collected using a D/MAX 2500 X-ray diffractometer with Cu Ka
radiation. All XRD data collected were firstly analyzed for phase iden-
tification using the search-match module of the Evaluation (EVA)
software using the reference databases of the International Center for
Diffraction Data (ICDD) Powder Diffraction File 2 (PDF-2) and Crys-
tallography Open Database (COD). After phases were identified with
EVA, they were further analyzed based on the Rietveld quantitative X-
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Fig. 1. Location map of the study area and sub-tectonic units of the Ordos Basin,
study area (Modified from Zhou et al., 2016; Wang et al., 2017).

ray diffraction refinement approach.

3.2. Electron probe microanalysis (EPMA) and backscattered electron
(BSE)

Electron probe microanalysis (EPMA) and backscattered electron
(BSE) imaging were conducted for 17 samples by a JXA-8230 (JEOL)
instrument at an accelerating voltage of 20 keV and a beam current of
10 nA. The beam size for EPMA on calcite varies from 3 to 10 uym ac-
cording to the size and location of analyzed target. All the elements
were calibrated using natural and synthetic standards including the
following materials: SrO-celestite, Na,O-albite, MgO-diopside, SiO-
diopside, K,O-sanidine, CaO-diopside, TiO,-benitoite, FeO-hematite,
MnO-bustamite, CryOs-chromium oxide. Chemical analyses by EPMA
yield values with an accuracy within about 1 wt% relative for major
elements and 3 wt% relative for trace elements.

3.3. Scanning electron microscopy (SEM) and MAPS mineralogy

Based on petrographic analysis, twenty-three samples containing
the major types of authigenic minerals and distinct pore spaces were
analyzed using SEM equipped with an energy dispersive spectrometer
(EDS). Thin section samples were gold-coated and observed under a
Quanta FEG 450 at an accelerating voltage of 20keV to identify the
pore geometry, cement morphology, for the semi-quantitative estima-
tion of mineral compositions and documenting the textural relation-
ships between the minerals.

MAPS mineralogy, a micro-image splice technology based on BSE
analysis, can make quantitative analysis of various mineral phases for
each pixel by using FEI Helios 460 equipped with energy dispersive
spectrometer (EDS). Thus, MAPS can provide high resolution BSE
images and more accurate information for authigenic mineral structure
and their paragenesis identification. MAPS mineralogy analysis was

(A) Location of the Ordos Basin; (B) Sub-tectonic units of the Ordos Basin and the

performed on 5 samples. The samples were processed by argon ion
milling, and then scanned under the EDS probe with an acceleration
voltage of 3keV and beam current of 0.4 nA. Scanning resolution was
20 nm. A total of 805 (23 x 35) BSE images were captured and auto-
matically stitched together for each sample, forming a high-resolution

image.
3.4. Cathodeluminescence (CL) petrograph

Cathodeluminescence (CL) images for 110 thicker polished thin
sections were collected using a Cambridge CL8200 MKS5 detector
equipped on a Zeiss optical microscope with an acceleration voltage of
10keV, a beam current of 250 uA and exposure durations of 10s
(magnification 50 X ), 30s (magnification 100 X ) and 60s (magnifi-
cation 200 x ), respectively.

3.5. Fluid inclusion analysis

Seven core samples were prepared as double-polished thick sections
of approximately 60-80 um thickness for fluid inclusion petrographic
analyses and microthermometric measurements. Microthermometry of
fluid inclusions was conducted using a calibrated Linkam THMSG 600
heating and cooling stage which enables temperatures of phase tran-
sitions in the range of —180 °C to 500 °C. Homogenization temperature
(Th) measurements were determined using a heating and cooling rate of
10 °C/min when the temperature was 0-60 °C or lower than —20 °C,
when the temperature were -20-0 °C or higher than 60 °C, the heating,
and cooling rate was changed to 5°C/min. Measurement precision
was = 1 °C for the homogenization temperature (Th) and * 0.1 °C for
the final ice melting temperature, respectively.

In this study, thin section, CL, and fluid inclusion analyses were
done in the Reservoir Geology and Basin Analysis Key Laboratory of
China University of Petroleum. XRD, SEM-EDS and MAPS mineralogy
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Table 1
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Point counting results of rock composition, authigenic minerals content, feldspar dissolution porosity as well as sandstone grain size distribution, porosity and IGV in

the Upper Triassic Yanchang Formation sandstones.

Well Depth,m Quartz, % Feldspar, % Rock Calcite Quartz Feldspar dissolution Maximum grain major grain Porosity, % IGV, %
fragment, % cement, % cement, % pores, % size, pm size, pm
Zh182 1912.8 32.22 43.33 24.44 2.5 2 1.1 0.6 0.20-0.40 13.51 23.07
Zh444 2160.33 23.60 42.70 33.71 1.4 - 0.2 0.4 0.12-0.35 10.15 28.65
Zh444 2168.47 29.05 37.99 32.96 2.5 - 0.9 0.6 0.20-0.50 11.48 26.90
Zh444 2191.52 31.87 34.07 34.07 6.5 1.5 0.9 0.5 0.10-0.30 8.4 24.50
Y465  2383.61 45.45 36.36 18.18 8.1 - 0.8 0.48 0.16-0.28 6.5 26.16
L98 2698.53 26.55 24.40 49.05 3.6 1.7 1.4 0.35 0.08-0.25 10.28 25.87
198 2826.11 39.30 27.75 32.96 0.9 - 0.2 0.7 0.20-0.50 15.42 23.87
B436 2187 17.71 42.13 40.16 1.4 0.7 0.5 0.6 0.13-0.40 - -
1220 2687.88 42.93 38.04 19.02 2.5 - 0.8 0.4 0.20-0.40 11.21 27.07
W70 1902.44 33.33 44.44 22.22 4.5 1 1.5 0.5 0.15-0.35 - -
W70 1874.24 25.48 57.32 17.20 11.5 1.5 1.6 0.6 0.15-0.35 - -
W70 1881.74 36.73 40.82 22.45 9.8 1.5 1.5 0.4 0.10-0.20 - -
B12 1947.2  41.05 37.89 21.05 2.5 - 1 0.5 0.25-0.50 - -
Y427 2425.75 30.11 56.99 12.90 1.4 0.5 0.5 0.7 0.25-0.60 13.58 25.02
B476  2181.9  25.85 32.72 41.44 4.5 - 1.2 0.6 0.15-0.40 9.02 27.65
B19 2027.6  37.78 40.00 22.22 8.1 - 1.1 0.6 0.25-0.50 8.29 24.67
B19 2048.14 41.05 37.89 21.05 6.4 2 1 0.5 0.25-0.50 5.91 26.71
B19 2043.32 36.84 35.79 27.37 4.5 3 1.2 0.5 0.20-0.50 5.6 28.07
B19 2033.24 36.17 36.17 27.66 6.4 3 1.5 0.5 0.20-0.50 9.21 22.91
B19 2027.6  37.78 40.00 22.22 8.1 - 1.1 0.6 0.25-0.50 9.45 23.51
w64 2188.5 24.16 53.93 21.91 2.5 1 1 0.3 0.12-0.25 12.93 24.55
G282  2589.15 26.76 27.68 45.56 1.4 0.8 1.1 0.5 0.15-0.35 - -
B442 23582  33.88 47.54 18.58 2.5 0.5 0.1 0.5 0.2-0.4 14.72 22.36
X62 1966.15 24.18 52.20 23.63 1.4 - 0.6 0.6 0.14-0.50 13.27 25.93
X62 1967.15 24.00 51.43 24.57 4.5 - 0.7 0.5 0.15-0.50 13.26 22.91
X62 1973.35 24.85 29.23 45.92 9.5 1.7 1.1 0.45 0.13-0.30 6.39 23.51
M61 2586.7  27.81 42.78 29.41 1.4 0.5 0.6 0.5 0.20-0.40 - -
M61 2600.1 24.73 41.94 33.33 3.6 0.5 0.6 0.5 0.20-0.45 - -
L148  2368.44 36.78 41.95 21.26 8.1 - 1.8 0.4 0.14-0.30 9.4 24.26
Y441 2411.73 38.54 38.54 22.92 2.5 - 0.9 0.6 0.25-0.50 11.88 26.50
Y441  2470.82 27.27 57.75 14.97 1.4 - 0.3 0.4 0.20-0.40 11.98 26.92
Y441 2464.38 24.21 58.95 16.84 2.5 - 0.7 0.4 0.12-0.30 11.74 26.44
X127  1830.85 40.22 39.13 20.65 6.4 - 1.2 0.5 0.25-0.50 9.61 25.21
Zh22 1663.48 34.03 33.51 32.46 1.4 - 0.7 0.45 0.20-0.45 10.4 28.90
* Note: “~” means no data available.

were carried out at the Key Laboratory of Oil and Gas Reservoir of
CNPC. EPMA and BSE analyses were performed at the Key Lab of
Submarine Geosciences and Prospecting of Ocean University of China.

4. Results
4.1. Reservoir lithology

The detrital components in the tight sandstone of the Upper Triassic
Yanchang Formation reservoirs comprise mainly quartz, feldspar and
rock fragments. The sandstones are characterized by mostly fine to
medium-grained (Table 1), moderate to well sorted and sub-angular to

>

»y o F L4 » .
4 {
Fad J 1001m ¢107,2298.36m

C107,2298.36m |

sub-rounded detrital grains (Fig. 4A and B). Petrographic point
counting reveals that detrital quartz ranges from 17.71 to 45.45% with
an average of 31.83%, feldspar varies from 24.40 to 58.95% with an
average of 41.28%, rock fragments range from 12.90 to 49.05% with an
average of 26.89% (Table 1). The rock fragments were dominated by
volcanic and low-grade metamorphic rock debris. The sandstones are
texturally mature and compositionally immature with an average fra-
mework composition of Q3,F41L,7, which are mainly classified as lithic
arkoses with a small amount of arkose and feldspathic litharenite
(Fig. 40).

Bulk XRD data indicate that plagioclase is dominant with volumes
four times that of K-feldspar in the studied tight sandstone reservoirs
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Fig. 4. Rock compositions of the Upper Triassic Yanchang Formation tight sandstone reservoirs: A and B, Photomicrograph showing textural and compositional
features of the tight sandstones; C, Classification of sandstone using Folk's (1974) criteria; Q = quartz, F = feldspar, R = rock fragments.
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(Fig. 5A). Clay minerals mainly comprise kaolinite, mixed-layer illite/
smectite (I/S), illite, and chlorite (Fig. 5B). Among them, chlorite is the
most common one, and only small amounts of kaolinite, illite, and I/S
are detected. Mixed-layer I/S is mainly of ordered interstratified with
R = 3, namely illite percentages in mixed-layer I/S are higher than 85%
(Lynch et al., 1997).

4.2. Diagenesis characteristics
4.2.1. Quartz cement

Quartz overgrowth is one of the most common authigenic minerals
in the tight sandstone reservoirs studied (Zhou et al., 2016, Fig. 6A-F).

Generally, quartz overgrowths mainly develop in the sandstones where
detrital quartz and volcanic rock fragments are abundant (Fig. 6A).
Some quartz overgrowths are also associated with feldspar dissolution
(Li et al., 2017, Fig. 6B). MAPS mineralogy images show that quartz
overgrowths always occur in the micropores left by discontinuous
chlorite coatings (Fig. 6C), indicating that only the continuous chlorite
coatings with certain thickness can effectively inhibit quartz over-
growth. In some samples, two groups of quartz overgrowths can be seen
on the cathodoluminescence (CL) images (Fig. 6D and E). The first
generation (Qo-I) is characterized by dark, non-luminescence, whereas
the second generation (Qo-II) exhibit a homogeneous brown lumines-
cence color (Fig. 6D). The amount of Qo-I is higher than that of Qo-II in

L4 M

B442,2350m

100 Lm|B442,2350m

Fig. 6. Quartz cement characteristics of the Upper Triassic Yanchang Formation tight sandstone reservoirs: A, Photomicrograph of thin section showing quartz
overgrowth; B, Photomicrograph of thin section showing quartz overgrowth and related feldspar dissolution; C, MAPS minerology image showing quartz overgrowth
generated from the micro pores left by discontinuous chlorite coating; D, CL photomicrograph showing two generations of quartz overgrowth, dark non-luminescent
(Qo-I) and brown luminescence color (Qo-II); E, idem with D to strength the CL color contrast of Qo-I and Qo-II; F, BSE image showing quartz overgrowth and related
feldspar dissolution, calcite cement and illite. Qo-quartz overgrowth; Ch-chlorite coating; FD-feldspar dissolution; Ca-calcite cement; I-illite. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Calcite cement characteristics in the Upper Triassic Yanchang Formation tight sandstone reservoirs: A, Photomicrograph of thin section showing calcite
cement in close contact with detrital grains (Ca-I); B, Photomicrograph of BSE showing calcite cement in close contact with detrital grains (Ca-I); C, SEM image
showing calcite cement in close contact with detrital grains (Ca-I); D, Photomicrograph of thin section showing calcite cement on top of chlorite coating (Ca-II); E,
Photomicrograph of BSE showing calcite cement on top of chlorite coating (Ca-II); F, SEM image showing calcite cement on top of chlorite coating (Ca-II); G, MAPS
minerology image showing calcite cement on top of chlorite with equal thickness (Ca-II); H, CL photomicrograph showing Ca-Iwith dull to reddish orange lumi-
nescence color; I, CL photomicrograph showing Ca-II with bright yellow luminescence color. Ca-calcite cement; Ch-chlorite coating. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

the Upper Triassic Yanchang Formation sandstones. In addition, some
quartz overgrowths are accompanied by feldspar dissolution, calcite
cement and a small amount of fabric illite (Fig. 6B, F). The total content
of quartz cement ranges from 0.5% to 3.0% with an average of 1.38%
(Table 1).

4.2.2. Calcite cement and chlorite coating

Calcite cements, the volumetrically predominant cement type, occur
as pore-filling blocky or mosaic aggregates in the Upper Triassic
Yanchang Formation (Fig. 7A-G). Two types of calcite cements are
present in the tight sandstone reservoirs studied. In some sandstones,
calcite (Ca-I) was in close contact with detrital grains at places without
chlorite coatings (Fig. 7A-C). The Ca-I calcite destroyed reservoir
qualities seriously, resulting in fewer pore spaces being preserved.
Another calcite type (Ca-II), however, precipitated on top of the chlorite
coatings (Fig. 7D-G). Chlorite crystals grew perpendicular to the sur-
face of the grains, and densely wrapped the detrital grains (Fig. 7D).
The total content of calcite cements ranges from 0.9% to 11.5% with an
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average of 4.3% (Table 1). Pore-lining chlorite coatings are of nearly
equal thickness with 2—4 um and mostly continuous (Fig. 7D, E, G). The
chlorite coatings act as a distinct boundary between calcite and detrital
grains, indicating that chlorite coating predate to Ca-II calcite cement
(Fig. 7G). CL images show that the two types of calcite cements have
different luminescence. Ca-I is characterized by dull to reddish orange
luminescence color with a little yellow color mixture (Fig. 7H), whereas
Ca-II mostly shows bright yellow luminescence color (Fig. 71).

4.2.3. Feldspar dissolution

Plagioclase, the main type of feldspar in the studied reservoirs,
commonly encountered partial intragranular dissolution in the Upper
Triassic Yanchang Formation tight sandstone reservoirs (Fig. 8A-D).
The porosity yielded from feldspar dissolution ranges from 0.1% to
1.8% with an average of 0.92% (Table 1). Plagioclase dissolutions are
usually accompanied by calcite cements and minor amount of micro-
crystalline authigenic quartz (Fig. 8A-C). Some intragranular dissolu-
tion pores are completely or partly filled by calcite cements (Fig. 8D). K-
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Fig. 8. Feldspar dissolution characteristics in the Upper Triassic Yanchang Formation tight sandstone reservoirs: A, B and C, Photomicrograph of thin section showing
plagioclase dissolution with related calcite cement and quartz overgrowth; D, BSE image showing plagioclase dissolution with related calcite cement; E,
Photomicrograph of BSE showing K-feldspar dissolution, albitization and related illite; F, BSE image showing plagioclase dissolution, K-feldspar dissolution and
related calcite cement, euhedral albite, illite . PI-D-plagioclase dissolution; Qo-quartz overgrowth; Ca-calcite cement; Kf-D-K-feldspar dissolution; Alb-albite; I-illite.

feldspar dissolution was texturally associated with albitization and il-
litization in the studied sandstones (Fig. 8E and F). The presence of
euhedral albite between calcite cement and detrital grains (Fig. 8F)
suggests that feldspar dissolution and albitization pre-dated calcite ce-
mentation.

4.3. Fluid inclusions in quartz cements

Aqueous inclusions commonly present in quartz overgrowths in the
sandstones studied (Fig. 9A). Most of the aqueous inclusions consist of
two phases, gas and liquid, at room temperature. The homogenization

Yuan 465, 2381.65m

Amount of fluid inclusions

temperatures (Th) of aqueous inclusions range from about 76.7 to
138.4°C with an average of 105.64°C, mainly centered around
90-130 °C (Table 2; Fig. 9B). The onset of quartz cementation was in-
terpreted at about 70-80 °C, corresponding well with that observed in
saline aquifers in the North Sea and the southern Songliao Basin, where
the quartz overgrowth in the sandstone reservoirs mainly began to
develop at about 80 °C and 70 °C, respectively (Bjorlykke and Egeberg,
1993; Xi et al.,, 2015b). Final ice melting temperatures (Tm) of the
aqueous inclusions in the quartz cement ranges from —2.2°C to
—14.4°C with an average of —7.0°C, corresponding to the salinity
between 3.71 and 18.13 NaCl wt.% equiv. with an average of 10.15
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Fig. 9. Petrographic characteristics and homogenization temperature distribution of the Upper Triassic Yanchang Formation tight sandstone reservoirs: A,
Photomicrographs of aqueous inclusions under transmitted light at the room temperature; B, Histogram of homogenization temperature (Th) for aqueous inclusions

in quartz overgrowth. FI-fluid inclusion.
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Table 2

Microthermometric data of the fluid inclusions in quartz overgrowth of the
Upper Triassic Yanchang sandstone reservoirs, Th: homogenization tempera-
tures; Tm, ice: final ice melting temperature.

Well Depth,m Th,°C Tm, ice/°C Salinity, NaCl wt.% equiv. (from Bodnar,

1993)
L28 1706.4 112.1 -10.5 14.46
L28 1706.4 119.2 —-14.4 18.13
128 1706.4 122.2 —-13.1 16.99
L28 1706.4 105 -6.9 10.36
L28 1706.4 83.7 -9.3 13.18
L28 1706.4 108 - -
128 1706.4 104.1 - -
L28 1706.4 98.3 - -
L28 1706.4 103.9 —-13.4 17.26
Y465 2832.08 90.3 —-5.2 8.14
Y465 2832.08 92.1 -6.5 9.86
Y465 2832.08 93.8 - -
Y465 2374.5 86.4 -2.2 3.71
Y465 2381.65 95.1 - -
Y465 2381.65 97.2 -5.6 8.68
Y465 2381.65 78.4 —-4.5 7.17
Y465 2381.65 108 -3.6 5.86
Y465 2381.65 86.6 - -
Y465 2381.65 109.1 - -
Y465 2381.65 1384 - -
Y465 2382.6 86.6 -6.3 9.6
Y465 2382.6 90 -7.1 10.61
Y465 2382.6 1314 - -
Y465 2382.6 127.8 - -
L28 1698.73 90.1 -5.2 8.14
L28 1698.73 100.9 -49 7.73
L28 1698.73 90.5 —-4.6 7.31
L28 1698.73 96.3 -2.3 3.87
L28 1698.73 115.8 -9.7 13.62
128 1698.73 1187 - -
L28 1698.73 123.2 - -
L28 1698.73 131.8 - -
C107 2309.15 95.1 —-6.6 9.98
C107 2309.15 89.3 -3.2 5.26
C107 2309.15 111.3 -10.1 14.40
C107 2309.15 1211 - -
C107 2309.15 76.7 -5.9 9.08

* Note: “~” means no data available.

NaCl wt.% equiv. (Table 2).

5. Discussion
5.1. Digenetic minerals conversion and quartz cementation

Possible silica sources for quartz cement can be summarized as in-
ternal and external ones (Gluyas and Coleman, 1992; Thyne et al.,
2001; Thyberg and Jahren, 2011; Xi et al., 2015b). Internal sources
include biogenic silica, dissolution of unstable volcanic rock fragments
and feldspar, clay mineral alteration and pressure solution of detrital
grains, which mainly happened in a closed geochemical system
(Bjorlykke and Egeberg, 1993; Kim and Lee, 2004; Peltonen et al.,
2009; Hyodo et al., 2014; Xi et al., 2015b). For example, biogenic silica
are the main sources for quartz overgrowth in the Gulf of Mexico
sandstones (Land, 1997); quartz overgrowth in the Bohai Bay basin
sandstones are mainly sourced from feldspar dissolution; clay mineral
alteration and pressure solution of detrital grains act as the silica
sources for quartz overgrowth in the Songliao Basin and the Dongjeom
sandstones (Xi et al., 2015b; Kim and Lee, 2004). However, external
sources can generally occur in open geochemical systems, such as from
adjacent mudstones, deep fluid migration and so on (Gluyas and
Coleman, 1992; Gluyas et al.,, 2000; Land and Milliken, 2000). For
example, authigenic quartz in the Gulf Coast sandstones was mainly
sourced from adjacent mudstones (Land and Milliken, 2000).

Firstly, biogenic silica is not a likely candidate for the origin of
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quartz cement in the Upper Triassic Yanchang Formation since siliceous
sponge spicules or other biogenic silica materials do not exist in the
lacustrine facies (Zhao et al., 2015; Wang et al., 2017). The solubility of
SiO, is quite low and is difficult to transport over long distances in
geological systems without certain driving force (Bjgrlykke and Jahren,
2012; Ronald and Edward, 1990). Thus, external sources for quartz
cements should be mainly caused by some episodic events, such as
episodic fluid flow from adjacent mudstones, deep fault fluids or deep
hydrothermal solution (Ague, 1991; Boles et al., 2004). The homo-
genization temperature of the fluid inclusions in quartz cements
showed a continuous distribution centered around 90-130 °C (Fig. 9),
indicating that the associated diagenetic process was not disturbed by
an episodic fluid flow enriched with silica materials distinctly
(Bjorlykke and Jahren, 2012). Accordingly, quartz cements were
probably sourced from internal mineral reactions in a closed geo-
chemical system.

Element compositional characteristics are significantly different in
the two groups of quartz overgrowth (Fig. 10A-D), suggesting that the
main silica sources were changed in the different stages of quartz ce-
mentation. Compared to detrital quartz grains, the first generation of
quartz overgrowth (Qo-I) is characterized by enrichment of MgO,
Al,03 and FeO associated with smectite to illite conversion (Fig. 10B,
D; Hower et al., 1976; Hoffman and Hower, 1979; Boles and Franks,
1979). The second generation of quartz cement (Qo-II), however, is rich
in Na,O, K50, and Al,Os3, closely associated with alteration or dis-
solution of feldspars (Fig. 10B, D; Bjgrlykke and Jahren, 2012; Xi et al.,
2015b; Yuan et al., 2015). These details are discussed as follows:

5.1.1. Quartz overgrowth via smectite to illite conversion

The Upper Triassic Yanchang Formation tight sandstones are rich in
volcanic rock fragments (Fig. 4B). Volcanic rock fragments can be easily
transformed into smectite during the early diagenesis stage (Campo
et al., 2010; Shoval, 2004). During the burial process, unstable smectite
will transform into mixed-layer I/S or discrete illite through the random
mixed-layer I/S with increasing temperature (Bjorlykke, 2011), which
can be expressed as (Boles and Franks, 1979):

K + smectite—illite + Na* + Ca®* + Fe®* + Mg®* + SiO, + H,0

Such a reaction mainly occurs at a temperature around 70 °C in
sandstones (Hoffman and Hower, 1979; Peltonen et al., 2009; Thyberg
et al., 2010; Metwally and Chesnokov, 2012), which coincides well with
the onset temperature for quartz cementation (Table 2; Fig. 9B). Apart
from quartz precipitation, some divalent ions, i.e. Ca®*, Fe?", and
Mg?>*, will be released into pore waters as well. In addition, AI** is
present extensively in the systems as a result of aluminosilicate mineral
alteration. Among them, Ca®>* would be consumed by calcite cement
precipitation quickly. Although Fe?* and Mg>* may be present in
minor amounts, they would also be incorporated in the quartz cement.
Therefore, the concentrations of Al,O3, FeO and MgO would be dis-
tinctly higher in the first generation of quartz overgrowth (Fig. 10B, D).
Petrographic evidence of authigenic mineral paragenesis, such as
quartz overgrowth coexists with illite mineralization and calcite ce-
mentation (Fig. 6F), also support the first generation of quartz cement
was probably related to smectite to illite conversion.

5.1.2. Quartz overgrowth via feldspar dissolution

Smectite to illite conversion usually is quite rapid process in sand-
stones, which can only provide silica sources for quartz cementation
around 70-100°C (Gier et al., 2008; Peltonen et al., 2009). The
homogenization temperature, however, shows a continuous process of
quartz cementation up to 130°C (Table 2; Fig. 9B). What is more,
quartz overgrowth shows two distinct generations (Fig. 6E and F).
There must be other silica sources available for the second generation of
quartz cement in the Upper Triassic Yangchang Formation tight sand-
stone reservoirs. Petrographic evidence reveals that the second
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Na,0 MgO ALO, K,0 CaO TiO, FeO MnO Cr0,

Fig. 10. In situ analysis of elemental compositions in two goups of quartz overgrowth: A and C, BSE images showing the EPMA analysis position in detrital quartz and
quartz overgrowth; B and D, elemental composition distribution characteristics in two groups of quartz overgrowth. The results show that elemental composition
distribution characteristics are significantly different in the two groups of quartz overgrowth. The first group of quartz cement is characterized by a higher amount of
Al,03, MgO, and FeO derived from smectite to illite conversion. The second group of quartz overgrowth, however, is abundant with Na,O, K,O with silica source

provided by feldspar dissolution.
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Fig. 11. Relationship between the amount of feldspar dissolution and quartz
cement, showing a positive relationship.

generation of quartz cement was usually accompanied by feldspar
dissolution (Fig. 6B, F), which may be a possible source for quartz ce-
mentation. The process of feldspar dissolution can be expressed as:

K(Na)AlSisOg (feldspar) + H* + 0.5H,0—0.5AL,Si,05(0H),

557

(Kaolinite) + SiO, + K* (Na™t) 2

This reaction can generate aqueous silica and precipitate quartz
cement locally (Bjorlykke and Jahren, 2012). The concentrations of K*
and Na™ in the pore water would increase with increasing amount of
feldspar dissolution. These ions would be incorporated in quartz over-
growth, causing relatively higher amounts of Na,0, K>O. This is what
has been measured by electron probe (Fig. 10B, D). There is also a
positive relationship between the amount of feldspar dissolution pores
and quartz cement (Table 1; Fig. 11). Therefore, feldspar dissolution
most likely provided silica sources for the second group of quartz
overgrowth in the Upper Triassic Yanchang Formation sandstone re-
Servoirs.

It can be seen clearly that the elemental compositions in quartz
overgrowth are sensitive to the silica sources. In the first group of
quartz cementation, alteration of volcanic rock fragments and smectite
to illite conversion provided more AI**, Fe?*, and Mg?*, forming
quartz cement with a higher amounts of Al,03, MgO and FeO. Na,O and
K50 formed from feldspar dissolution increased in the second group of
quartz cement, although they are easiest transferable ions. Because
MgO and FeO are absent from feldspar dissolution, their concentrations
are decreased obviously in the second (late) generation of quartz ce-
ment. The elements unrelated to these two reactions showed
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Fig. 12. In situ analysis of the elements in calcite cement precipitated in the primary intergranular pores and dissolved intragranular pores: A and C, BSE images
showing the EPMA analysis positions in calcite cement; B and D, elemental distribution characteristics in calcite cement. The cations Mg>*, Fe?*- and K* altered

from volcanic fragments are higher in the calcite cement of the primary intergranular pores and Si

4* is preserved more in the calcite within the dissolved in-

tragranular pores, which provides evidence supporting a coupled dissolution-precipitation process occurred in the closed geochemical system.

insignificant differences between two groups of quartz cement
(Fig. 10B, D). The salinity of the fluid inclusions in quartz cements
increased with increasing homogenization temperature due to in-
creasing cations of AI**, Fe>*, and Mg?" in the pore water (Table 1).
All these suggest that diagenetic materials in the Upper Triassic Yan-
chang Formation tight sandstones are mainly sourced locally within the
sandstone reservoir, with little or no external mass transportation in-
volved. It thus can be concluded that quartz cementation mainly oc-
curred in a closed geochemical system constrained by mass balance.

5.2. Silicates alteration and calcite cements precipitation

In order to precipitate the calcite cement, the divalent cation Ca**
must be present in the pore water. The studied sandstones are char-
acterized by abundant volcanic rock fragments and plagioclase (Fig. 4A
and B). Firstly, with increasing temperature, organic matters dec-
arboxylation in source rocks occurred and released CO into the sand-
stone reservoirs, resulting in further alteration of the unstable volcanic
rock fragments, which can be expressed as (Sample et al., 2017):

Cation-rich silicates (i.e., volcanic rock fragments) + CO, + K* —
cation-depleted  silicates + HCO;~ + Na* + Ca®*+
Mn?* + Fe?™ + Mg?" other cations 3)
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This reaction can provide abundant divalent cation Ca®>* accom-
panied by Mg®*, Fe?* and Mn?* into reservoir pore water, which can
then act as the major internal Ca®* sources for the calcite cements.
Plagioclase dissolution can also provide Ca?* to calcite cementation.
Plagioclase can be easily dissolved by CO, from organic matters dec-
arboxylation in the sandstone reservoirs. Petrographic evidence showed
that plagioclase dissolution pores were always accompanied by calcite
cements in the Upper Triassic Yanchang Formation tight sandstones
(Fig. 8A-D, F).

In a closed geochemical system, the cations Mg?*, Fe** and K*
altered from volcanic fragments can be easily incorporated into the
calcite cement in the primary pores. These two cations, however, are
difficult to migrate into the dissolved intragranular pores due to poor
connectivity. Meanwhile, the byproduct of plagioclase dissolution, such
as Si** and AI**, are difficult to be removed from plagioclase dis-
solution pores. The results of electron probe analyses show that the
concentration of elemental compositions in calcite cement are sig-
nificantly different in the primary intergranular pores and plagioclase
dissolution pores (Fig. 12A-D). Calcite cements in the primary inter-
granular pores are enriched with MgO, FeO, and K,O, while SiO, has a
higher concentration in the calcite cements precipitated in the plagio-
clase dissolution pores (Fig. 12A-D). These differences on ion dis-
tribution further confirm the presence of a closed geochemical system
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Fig. 13. In situ analysis of the elemental compositions in two types of calcite cement: A, Ternary diagrams showing normalized compositions of calcite cement from
electron probe microanalysis in wt% oxides. B and C, BSE and EPMA results showing the heterogeneous distribution of elements in the calcite cement from the central
part of the pore spaces to the edges of chlorite coatings. Both FeO and MgO are higher in Ca-I than Ca-II, indicating that the elements were generated and consumed

in a closed geochemistry system.

in the Upper Triassic Yanchang Formation tight sandstone reservoirs.

The presence of relatively high K>O concentration in the calcite
cements indicated that potassium in the pore water was not disturbed
by external sources (Fig. 12B, D), which is also indicative of a closed
geochemical system (Jahren and Aagaard, 1992; Chuhan et al., 2001).
In addition, minor amount of K-feldspar dissolution and albitization
may have accelerated the smectite to illite conversion by providing
enough K* (Thyberg et al., 2010), and formed euhedral albite locally
(Fig. 8E and F), which further supports a closed geochemical system in
the studied sandstone reservoirs.

5.3. Interaction between calcite cement and chlorite coatings

The Ca-II calcites appear to be always associated with chlorite
coatings in the Upper Triassic Yanchang Formation tight sandstone
reservoirs. Electron probe analysis indicates that the concentration of
Fe*>* and Mg?" are significantly different in the two types of calcite
cement (Ca-I and Ca-II). Both FeO and MgO are enriched in Ca-I than
Ca-II calcite cements (Fig. 13A). The concentrations of Fe?* and Mgi“r
in pore water would be increased through the alteration of volcanic
rock fragments at the early stage of diagenesis (Sample et al., 2017). On
one hand, these ions can provide sources for ferromagnesian minerals,
i.e., chlorite, in some pore spaces. On the other hand, they may be in-
corporated in authigenic minerals as associated elements. Petrographic
evidence revealed that Ca-II precipitated later than chlorite coatings in
the Upper Triassic Yanchang Formation sandstone reservoirs
(Fig. 7D-G). Therefore, Fe** and Mg** in the pore water would be
firstly consumed by the formation of chlorite coating in the associated
pore spaces. As a result, the pore water would be lack of Fe** and Mg?™*
when the Ca-II calcite began to precipitate. There was no chlorite
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coating formation in the pores where Ca-I calcite precipitation in the
Upper Traissic Yanchang Formation sandstones. The ions Fe?* and
Mg?* were probably preserved in the pore water and were in-
corporated in the Ca-I calcite cement. The higher amount of FeO in the
Ca-I calcite results in a high FeO/MnO ratio, which explains the dull-
reddish orange luminescence color (Fig. 7H). On the contrary, the Ca-II
calcite cement showed bright yellow luminescence color (Fig. 6I) due to
a low FeO/MnO ratio (Scholle and Ulmer-Scholle, 2003; Omer et al.,
2014).

In situ element analyses by EMPA indicated that Mg>*, Fe?*, AI3*
and Si** concentrations in the calcite cements were all lower at the
central part of the pores than around the chlorite coatings, whereas
Mn?* was distributed homogeneous everywhere (Fig. 13B and C). This
is because the cations of Mg>*, Fe>*, AI>*, and Si** are closely related
to chlorite coatings but Mn?* is not directly associated with chlorite.
During the formation of chlorite coatings, these cations would be
gathered from center to edge of the pores. The concentration of Mn?*
was not influenced by chlorite coatings. All these suggest that the
concentrations of FeO and MgO are strictly constrained by interactions
between calcite cements and chlorite coatings. In other words, these
ions were formed and consumed in a closed geochemical system where
diagenetic fluids were not significantly disturbed by external materials.

5.4. Paragenetic sequence of diagenesis and the impacts on reservoir quality

The paragenetic sequence of diagenesis for the Upper Triassic
Yanchang Formation is reconstructed and illustrated in Fig. 14 by
synthesizing the petrographic evidence, mineral reactions associated
with cement sources, interactions between authigenic minerals, and the
formation temperature of major cements.
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Fig. 14. Burial, thermal and diagenetic history a of the Upper Triassic Yanchang Formation tight sandstone reservoirs.

Reservoir quality is primarily a function of provenance, sedimentary
textures and diagenesis (Xi et al., 2015a). In the studied reservoirs, the
sandstones have the same provenance, and the grain size and sorting
are similar among the samples (Table 1), probably having insignificant
effects on reservoir quality. Thus, the reservoir quality is mainly con-
trolled by diagenesis. Compaction, starting immediately after deposi-
tion, can be evaluated by the intergranular volume (IGV). The inter-
granular volume (IGV) found in the studied samples from the
petrographic analysis show little depth dependence with values be-
tween about 22.36% and 28.90% with an average of 25.74% (Table 1).
Cementation also played a major role in reducing porosity and per-
meability in the studied sandstone reservoirs. The total content of ce-
ments ranges from 0.9% to 13.0% with an average of 5.0% (Table 1).
However, feldspar dissolution is only limited in the Upper Triassic
Yanchang Formation tight sandstones, varying from 0.1% to 1.8% with
an average of 0.92% (Table 1). A plot of intergranular volume (IGV)
versus cement volume indicates that mechanical compaction has played
a more important role than cementation in destroying the primary
porosity of the Upper Triassic Yanchang Formation (Fig. 15). Com-
paction has accounted for about 27.8%-44.1% with an average of
36.3% of the total intergranular pore volume loss during the burial
process, assuming an initial porosity is 40% (Houseknecht, 1987;
Lundegard, 1992).
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6. Conclusions

(1) There are two groups of quartz cement in the Upper Triassic
Yanchang Formation tight sandstone reservoirs. The first group was
formed early during the conversion from smectite to illite, whereas
the second group occurred late with feldspar dissolution providing
the silica source.

Two types of calcite cement are present in the tight sandstone re-
servoirs. The Ca-I calcite cement developed early and is rich in Fe**
and Mg?*, whereas the Ca-II calcite cement developed after and
over the chlorite coatings contains with little or no Fe** and Mg?*.
Dissolution of volcanic rock fragments and plagioclase provided the
Ca®" sources for the calcite cements. K-feldspar dissolution and
albitization formed euhedral albite locally.

Elemental compositions in the diagenetic minerals are strictly
constrained by involved authigenic minerals interactions, sug-
gesting a closed geochemical system where diagenesis alterations
occurred in accordance with the general principle of mass balance.

(2)

3
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