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Abstract: The element geochemical characteristics and diagenetic alteration products of tuffaceous components in sandstone
reservoirs of Paleogene Wenchang Formation in typical subsags of the Huizhou-Lufeng area of the Zhu I Depression, Pearl River
Mouth Basin, were identified through microscopic analysis and quantitative analysis of main and trace elements. The impacts
of dissolution of different tuffaceous components on physical properties of reservoirs were discussed through quantitative
characterization of reservoir physical properties. The results show that there are mainly four types of tuffaceous components in
the study area, which are acidic, intermediate, basic and alkaline tuffaceous components. The acidic tuffaceous components
evolved in a process of strong alteration and weak dissolution of alteration products, with a large amount of kaolinite precipi-
tated during alteration to disenable the improvement of porosity and permeability. The intermediate and alkaline tuffaceous
components evolved in a process of strong dissolution of tuffaceous components and strong alteration of residual tuffaceous
components; the dissolution of tuffaceous components created intergranular pores, but the alteration products such as auto-
genic quartz, apatite and illite deteriorated the pore structure; ultimately, the dissolution of tuffaceous components resulted in
the increase of porosity but no increase of permeability of the reservoir. The basic tuffaceous components dominantly evolved
in a process of dissolution of tuffaceous components to strong dissolution of alteration products; both tuffaceous components
between particles and laumontite generated from alteration can be strongly dissolved to create pores; thus, the dissolution of
tuffaceous components can significantly increase the physical properties of the reservoir.
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Introduction studies have shown that the genetic type, composition,

Compared with an argillaceous matrix, a tuffaceous and content of tuffaceous materials in clastic rocks can

matrix is characterized by various types and complexities
of components "%, In addition, tuffaceous materials were

have different effects on the dissolution process 7!,
Moreover, the dissolution of tuffaceous materials varies

prone to be dissolved during progressive burial diagene-
sis, which could increase porosity and provide material
for the precipitation of authigenic minerals ™7, Previous

Received date: 29 Apr. 2022; Revised date: 30 Dec. 2022.
* Corresponding author. E-mail: yuan.guanghui@upc.edu.cn

greatly in different burial stages and diagenetic envi-
ronments 1 and has different influences on the devel-
opment of pores in clastic reservoirs ¥ . Therefore, the
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intensity of tuffaceous material dissolution and the
mechanism of authigenic mineral precipitation deter-
mine whether the dissolution of tuffaceous materials can
effectively improve the quality of the reservoir.

Volcanic events occurred frequently in the depositional
period of the Eocene Wenchang Formation in Huizhou
Sag and Lufeng Sag of the Pearl River Mouth Basin, and
the genesis of tuff was complex with many varieties 12,
Previous studies have suggested that the dissolution of
tuffaceous matrix in the reservoir of the study area could
form secondary pores and improve the reservoir physical
properties to some extent ). However, this understanding
only considers the effect of tuffaceous dissolution on the
reservoir space, and ignores the genetic relationship be-
tween authigenic minerals and tuffaceous alteration, as
well as the changes of reservoir properties in the dissolu-
tion process of tuffaceous materials. In fact, the dissolu-
tion of tuffaceous components was common in the sand-
stone reservoirs from Member 6 to Member 3 of Wen-
chang Formation in Huizhou Sag and Lufeng Sag '
and many alteration products such as kaolinite, laumon-
tite, and apatite can be found. Moreover, the dissolution
intensity and the combination of alteration products vary
with the types of tuffaceous materials. It is of great sig-
nificance to systematically study the alteration pathways
of tuffaceous materials and their porosity evolution to
deepen the understanding of oil and gas reservoirs in the

study area.

This work is focused mainly on the genetic relationship
between authigenic minerals and dissolution of the tuf-
faceous materials in the sandstone reservoirs of the sixth
to third members of the Paleogene Wenchang Formation
in Huizhou Sag and Lufeng Sag of Zhu I Depression in
the Pearl River Mouth Basin. It establishes the alteration
pathways of different types of tuffaceous materials. Based
on this, the change of reservoir physical properties in
response to the tuffaceous dissolution are discussed to
provide the basis for reservoir quality evaluation of tuf-
faceous sandstone reservoirs.

1. Geological background

The Huizhou Sag and Lufeng Sag are important hy-
drocarbon enrichment areas located in the eastern part of
the Zhu I Depression in Pearl River Mouth Basin; they
are distributed in the NEE direction and are divided by
Huizhou-Lufeng low uplift *™! (Fig. 1). The key layer for
this study is the Wenchang Formation, which can be di-
vided into six members from bottom to top (labeled
Members 6, 5, 4, 3, 2, and 1 of the Wenchang Formation),
corresponding to the initial, intense to shrinking periods
of the complete basin rifting cycle ™ ¥1(Fig. 1). Member 6
corresponds to the initial stage of basin rifting, during which
the basin suffered uplift and denudation, accompanied by
strong magmatic activity, and developed only a scattered

a

%
=

ngzh L ta . .
Guangzhou® o\ hen [—] TTgls(g| Lithologic
0 100km Study are 0 20 km IEEHE profile
L e \S
o] :
Boundary e . =
of the basin ‘ ks g
A\ b
] Northern Uplift Belt W e i \ 9/}'&, E
@ Zhu | Depression (\\)Q ) A 2 o
® Zhu Il Depression e’ . N Ly, =
P ; (N ’ ~. 7 £
@ Central Uplift Belt WO - — \i’ 5
® Zhulll Depression > - I N, E =
® Chaoshan Depression| | Hu ¢ 2[1322 N, 5
) B bsa &, - 9 ~ o
(@ Southern Uplift Belt S f@,7 - \ “e HEE
= S12E
Middle Lufeng uplift || 2| | €
----------- 0 . g c LE
/,/ V! p HU' /; Lufeng s 8 § ol
s Lo - e cla
eomme -7 Huizhou 14 =SS U"L"fe - Lufeng 13E o|W|c|d
subsag =" N9 up)- -~/.—_  subsag Lufeng 15 ol IS|§
Huizhou 1 T Plj LF 13-B. subsag cls
subsag TN \LF_1 5-A .- )
szhou Sag S R =
< >
¥ ~\"\ ‘/‘/
Huizhou 7
Xijiang 23 ngabr;%24 subsag . Huizhou24 Q
subsag 9 © Huizhou 22 ___ subsag 2
N N subsag - - o ae\\ <
4+ HZ-25- B,Qo ) / Up\\“ =
’/Q ~. Xijiang 30 \ & Huizhou 26 “\(3\ =
g, i oS SRS ©° 2
o~ HZ- 25w 3
. HZ-26- HZ-26-A £
+Iu|zhou -Xijiang uplift- SE
PN P AN * o e [+ ] <] ]
=R EEEEE I EEEEEEE
Primary Secondary Boundary Sag Low Subsag Unconformity Tuff Conglomeratic Coarse Medium Fine
tectonic unit tectonic unit fault uplift coarse sandstone sandstone sandstone sandtone
boundary boundary ] ] ——]
[ X ——
. ] E=——1
Siltstone  Argillaceous siltstone Mudstone
Fig. 1. Geologic map of the Huizhou Sag and Lufeng Sag in Pearl River Mouth Basin and comprehensive strata log diagram

of Wenchang Formation [+,

-112 -



JIN Zihao et al. / Petroleum Exploration and Development, 2023, 50(1): 111-124

small fan delta and braided river delta ™, Members 5
and 4 correspond to the basin rifting expansion and intense
period, with the rapid expansion of the lacustrine basin
and the development of large braided river delta depos-
its 197201 Member 3 corresponds to the rifting transition
period. Influenced by the Huizhou movement, basement
uplift, and magmatic floor cleavage were widely developed,
and strong uplift occurred in the Huizhou-Lufeng transi-
tion areas, accompanied by massive denudation of the
Lower Member of the Wenchang Formation ™. Members
2 and 1 correspond to the contraction and shrinking pe-
riod of basin rifting, when the water in the lacustrine
basin became shallower and the small braided river delta
sediments were developed and dispersed again "% 2%, In
general, the sedimentary period of the Wenchang For-
mation was accompanied by multiple periods of volcanic
activity. Due to the changes of intensity and periods of the
volcanic activity and the different magmatic properties,
the tuff matrixes in sandstone reservoirs of different sub-
sags are of various types and have uneven contents 2,

2. Samples and methods

The samples were taken from wells HZ-25-A and
HZ-25-B in the Huizhou 25 subsag, wells HZ-26-A and
HZ-26-B in the Huizhou 26 subsag, wells LF-13-A and
LF-13-B in the Lufeng 13 subsag, and Well LF-15-A in the
Lufeng 15 subsag (Fig. 1). The microscopic observation
and quantitative statistics of porosity in thin sections
were completed in the Key Laboratory of Deep Oil and
Gas, China University of Petroleum (East China). The
detection temperature in the laboratory was 23 °C and
the relative humidity was 50%. A ZEISS AxTo Scope Al
APOL polarizing microscope, CL8200 MK5 cathode lu-
minescence instrument, and ZEISS Crossbeam 550 dou-
ble beam scanning electron microscope were used for the
observations. The samples without dissolution of tuf-
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faceous materials were selected to test the main compo-
nents as well as trace substances in situ to determine the
geochemical characteristics of the unaltered tuffaceous
materials. For the samples with strong dissolution of
tuffaceous materials, the characteristics of the tuffaceous
material dissolution and the elementary composition of
authigenic minerals were also determined. The main
element analysis of the electron probe was performed in
the Key Laboratory of Submarine Science and Explora-
tion Technology of the Ministry of Education, Ocean
University of China. The test voltage was 15 kV, the cur-
rent was 20 nA, and the diameter of the test point was 5
um. The in situ analysis of microzone trace elements
was performed at the State Key Laboratory of Mineral
Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. The equipment for element analysis
included a GeoLasPro laser system and Agilent 7700x
inductively coupled plasma mass spectrometer with a
beam spot diameter of 50 um.

3. Reservoir petrological characteristics

3.1. Detrital components

According to the observation of thin sections and the
whole-bulk mineral compositions through X-ray diffrac-
tion analysis of 193 samples in the study area, significant
differences were found in detrital components of the
Wenchang Formation in different depressions (Fig. 2).
The sandstone reservoirs in the Wenchang Formation of
Huizhou Sag are mainly influenced by Mesozoic gran-
ites M>2U and are dominated by litharenite and feldspathic
litharenite with a low content of quartz and high content
of lithic and feldspar (Fig. 2a). The debris is composed
mainly of granite and quartz lithic, and the feldspar is
mainly potassium feldspar. The sandstone reservoir in
Wenchang Formation of Lufeng Sag is influenced mainly
by Mesozoic sediment provenance 227231 and is
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Fig. 2. Ternary diagram of detrital components and bar chart of the average content of different types of interstitial fillings

in Wenchang Formation of the study area.
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composed mainly of subarkose, lithic arkose, sub-
litharenite, and litharenite with high content of quartz
and low content of feldspar and lithic (Fig. 2a). The de-
bris types are mainly quartzite and extrusive rock debris,
and the feldspar is mainly potassium feldspar.

3.2. Interstitial fillings

According to the data gathered on thin sections and
X-ray diffraction of clay minerals, the HZ25 subsag is
dominated by a tuffaceous matrix averaging 11.19%, with
an average content of clay matrix of 3.88%. The cementa-
tion is dominated by authigenic kaolinite and carbonate
cements, with a small amount of authigenic quartz (Fig.
2b). The content of tuffaceous matrix in the HZ26 subsag
is relatively low, with an average of 6.13%, with a clay
matrix of 3.24%. The cementation is dominated by lau-
montite, with a small amount of authigenic quartz and
carbonate cements (Fig. 2b). The average content of tuf-
faceous matrix and clay matrix in LF13 subsag is 8.33%
and 3.27%, respectively (Fig. 2b). The content of tuf-
faceous matrix in Well LF-13-A is relatively high, and
authigenic kaolinite, apatite and authigenic quartz are
developed, while in Well LF-13-B the content of intersti-
tial fillings in Well LF-13-B is generally low, mainly com-
posed of authigenic quartz. The LF15 subsag is dominated
by tuffaceous matrix with an average content of 6.79%,
and the average amount of clay matrix is 2.88%. Authen-
tic quartz is relatively well developed, with low content of
the other types of cements (Fig. 2b).

3.3. Types and characteristics of tuffaceous materials

Compared with the clay matrix, the tuffaceous matrix
has finer particle size and is often in the form of irregular

clumps, without luminance under orthogonal light (Fig.
3a, 3b). The tuffaceous materials without obvious disso-
lution in the study area show intensive compaction, and
only micropores with pore size less than 1 um could be
found (Fig. 3c). In the HZ25 subsag, the unaltered tuf-
faceous materials are glassy, and part of the tuffaceous
materials show the characteristics of alteration caused by
diagenetic fluid (Fig. 3a, 3b). It is brown-yellow under
single polarized light, and has the characteristics of al-
teration products under orthogonal light (Fig. 3b). The
unaltered tuffaceous materials in the HZ26 subsag are
also glassy, but accompanied by the precipitation of iron
minerals (Fig. 3d). The tuffaceous materials in LF15 and
LF13 subsags have similar characteristics and are prone
to be dissolved along the edge of the dissolution pore (Fig.
3e to 3h). It is difficult to classify the types of tuffaceous
materials accurately based on observation of microscopic
characteristics only. Therefore, the tuffaceous materials
without obvious dissolution or alteration in each subsag
were selected to compare their elementary compositions;
the TAS discrimination diagram and the inactive trace
element ratios (Zr/TiO. and Nb/Y) were used to classify
the types of tuffaceous material **7>7 (Fig. 4). A total of 54
major-element data and 33 trace-element data were ob-
tained (Table 1).

The tuffaceous materials in the HZ25 subsag are
mainly distributed in the rhyolite-rhyodacite area, which
indicates the source of acidic magma ®” (Fig. 4). They are
characterized by a high content of silica and low content
of alkalinity ™, with an average SiO. content of 67.93%
and (Na.O+K-.0) content of 3.38%, relatively rich in po-
tassium (Table 1). The tuff in the HZ26 depression is
mainly distributed in the trachyandesite-trachyte area,

Fig. 3. Microscopic characteristics of tuffaceous matrix from Wenchang Formation in the study area. (a) Well HZ-25-B,
3775.52 m, WC6, tuffaceous matrix, with plane-polarized light. (b) Well HZ-25-B, 3775.52 m, WC6, tuffaceous matrix showing
non-luminance under orthogonal light. (c) SEM (scanning electron microscope) feature in the red box in Fig. 3a-b, showing
small micropores in the unaltered tuffaceous matix. (d) Well HZ-26-A, 3531.0 m, WC4, with the edge of the tuffaceous matrix
dissolved with the precipitation of iron mineral, in plane-polarized light. (e) Well LF-13-B, 3455.3 m, WC3, brown altered
tuffaceous matrix, with plane-polarized light. (f) Well LF-13-B, 3455.3 m, WC3, the tuff is photogenic under orthogonal light.
(g) Well LF-13-A, 3413.0 m, WC3, the dispersion distribution of altered tuff, with plane-polarized light. (h) Well LF-15-A,
3645.4 m, WC4, the tuff was altered near the dissolution pores; with plane-polarized light.
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which indicates the source of basic magma ' (Fig. 4). It
is characterized by low content of silica and high content
of alkalinity, with an average SiO. content of 48.29% and
(Na:0+K-0) content of 6.47%, relatively rich in sodium
(Table 1). Tuffaceous materials in the LF15 and LF13 de-
pressions are mainly distributed in the Andesite-Basaltic
Andesite area, which indicates the intermediate magma
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(a) Chemical clasification of tuffaceous materials using TAS
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source (Fig. 4), with an average SiO. content of 59.02%
and (Na,O+K.0) content of 3.76%, relatively rich in po-
tassium (Table 1). However, some tuff samples from well
LF-13-A in the LF13 depression are distributed in partial
alkalinity areas such as the trachyandesite and basaltic
trachyandesite areas (Fig. 4), with an average SiO. con-
tent of 57.16% and (Na.0+K,0) content of 8.39%,
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Fig. 4. Classification of tuffaceous materials in Wenchang Formation of the study area.

Table 1. Composition of major elements and rare earth elements in unaltered tuffaceous materials of the Wenchang
Formation in the study area

Major HZ25 subsag HZ26 subsag LF13 and LF15 subsags LF13 subsag
and trace Average/ Median/ Number of Average/ Median/ Number of Average/ Median/ Number of Average/ Median/ Number of
elements % % samples % % samples % % samples % % samples
SiO; 67.93  68.07 14 48.29 4733 5 59.02 59.38 30 5716  57.97 5
AlLO; 2145 23.60 14 16.68 1598 5 18.28 19.16 30 13.59 14.03 5
Na,O 0.27 0.23 14 3.48 4.07 5 0.73 0.11 30 8.08 7.40 5
MgO 1.02 0.70 14 1.43 1.69 5 1.05 0.84 30 1.61 1.59 5
K20 3.1 2.67 14 2.99 2.92 5 3.03 3.51 30 0.31 0.25 5
Ca0O 0.23 0.21 14 0.36 0.19 5 0.24 0.10 30 3.25 3.07 5
TiO, 0.10 0.04 14 0.12 0.00 5 0.09 0.06 30 0.01 0.01 5
Cr;03 0.01 0.00 14 0.03 0.01 5 0.01 0.01 30 0.00 0.00 5
MnO 0.02 0.01 14 0.02 0.02 5 0.09 0.02 30 0.02 0.03 5
FeO 1.48 0.88 14 1.36 1.20 5 2.58 1.01 30 2.58 2.82 5
P20s 0.03 0.03 14 0.01 0.02 5 0.03 0.03 30 8.13 7.40 5
La 20.88 17.76 7 10.00 10.00 2 4.98 2.92 17 3.34 3.53 7
Ce 39.04 32.26 7 18.45 18.45 2 9.92 6.35 17 4.20 3.85 7
Pr 4.11 3.61 7 1.96 1.96 2 1.08 0.57 17 0.58 0.56 7
Nd 12.85 10.01 7 4.79 4.79 2 3.4 1.97 17 1.69 1.72 7
Sm 1.68 1.58 7 1.64 1.64 2 1.21 0.81 17 1.24 1.26 7
Eu 0.25 0.22 7 0.17 0.17 2 0.14 0.09 17 0.33 0.23 7
Gd 0.97 0.83 7 0.71 0.71 2 0.70 0.61 17 0.80 0.58 7
Tb 0.12 0.11 7 0.02 0.02 2 0.06 0.05 17 0.05 0.05 7
Dy 0.65 0.60 7 0.13 0.13 2 0.25 0.22 17 0.22 0.21 7
Ho 0.13 0.12 7 0.03 0.03 2 0.05 0.05 17 0.05 0.04 7
Er 0.38 0.31 7 0.10 0.10 2 0.16 0.15 17 0.18 0.16 7
Tm 0.06 0.05 7 0.03 0.03 2 0.02 0.02 17 0.02 0.02 7
Yb 0.40 0.31 7 0.10 0.10 2 0.12 0.10 17 0.16 0.13 7
Lu 0.07 0.06 7 0.04 0.04 2 0.02 0.01 17 0.02 0.02 7
YREE 81.60 67.77 7 36.73  36.73 2 21.32 1333 17 11.08 11.05 7
REEM 9424 7685 7 126.57 12657 2 4829 3553 17 2504 2079 7
Eu/Eu* 0.92 0.91 7 0.91 0.91 2 0.85 0.81 17 0.88 0.85 7
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relatively rich in sodium. The relatively high CaO and
P,Os contents, which average 3.25% and 8.13%, respec-
tively (Table 1), also indicate the alkaline magma source.

4. Dissolution of tuffaceous materials

4.1. Dissolution pores formed by alteration of
tuffaceous materials

The sandstone reservoirs in the Wenchang Formation
of Huizhou Sag and Lufeng Sag are mainly in the middle
diagenetic stage Al to middle diagenetic stage A2, stages

that were dominated by the dissolution of acidic fluids %28,

Previous studies have shown that the Eocene in Zhu I
Depression experienced different degrees of uplift and
denudation during the early sedimentary stage, which
was the main period of meteoric water dissolution M7 181,
Meanwhile, the concentration of atmospheric carbon
dioxide was relatively high owing to intense volcanic
eruptions ®? which provided stable acidic fluid for the
dissolution of tuffaceous material in sandstone reservoirs
of the Wenchang Formation. Later, in the deep burial
process of Eocene, the infiltration depth of acidic meteo-
ric water was limited, so it no longer acted on the reser-
voir to cause dissolution ™, With an increase of burial
depth and of temperature, organic acids generated by
kerogen thermal evolution together with CO. generated
by decarboxylation of organic acids entered the reservoir,
providing the source of acidic fluid dissolution of tuf-
faceous materials ™ %), Microscopic characteristics show
that there were relatively few dissolution pores developed
in the acid tuffaceous materials in the HZ25 subsag,
which were dominated by dissolution expansion along
the edges of particles or tuffaceous micro-fractures (Fig.

5a). Also, it was hard to generate large-scale and effec-
tively connected intergranular dissolution pores for the
acid tuffaceous materials, and strong alteration often
occurred near the dissolution pores (Fig. 5b). The disso-
lution of basic tuffaceous materials in the HZ26 subsag
was relatively strong and the intergranular tuff dissolu-
tion pores were relatively developed with less residual
tuffaceous materials (Fig. 5c, 5d). However, the dissolu-
tion pores in intermediate tuff in the LF15 subsag and
Well LF-13-B were filled with a large amount of residual
tuff (Fig. 5e, 5f). The alkaline tuffaceous materials in Well
LF-13-A could be strongly dissolved to form intergranular
dissolution pores, often accompanied by the precipitation
of rod-like apatite or columnar apatite (Fig. 5g, 5h).

4.2. Characteristics of alteration products of
tuffaceous materials

4.2.1. Authigenic clay minerals

The precipitation of authigenic clay minerals was
closely related to dissolution of tuffaceous matrix. Taking
authigenic kaolinite in the HZ25 subsag as an example,
the kaolinite generated from alteration of tuff was gener-
ally in the form of small crystals (diameter less than 10
um) and mostly precipitated at the edge between tuf-
faceous matrix and grains (Fig. 5b), or was in the form of
agglomerate and wrapped by residual tuffaceous materi-
als (Fig. 6a, 6b). Compared with the kaolinite generated
from feldspar dissolution, the intercrystalline pores of
kaolinite generated from tuff dissolution were not de-
veloped because the pores were filled with residual tuf-
faceous materials (Fig. 6b). In addition, the kaolinite gen-
erated from tuff dissolution and the residual tuff have

Fig. 5. Dissolution pores of different types of tuffaceous materials in the Wenchang Formation. (a) Well HZ-25-A, 3605 m,
WC6, with acid tuffaceous dissolution pores, in plane-polarized light. (b) Well HZ-25-B, 3767.29 m, WC6, with acid-tuff
dissolved along the edge of the grains and with deposited kaolinite, in plane-polarized light. (c) Well HZ-26-A, 3503.5 m, WC4,
with dissolution pores in the basic-tuffaceous material, in plane-polarized light. (d) Well HZ-26-B, 3770 m, WC4, with less
residual in the basic tuffaceous dissolution pores, in plane-polarized light. (e) Well LF-13-B, 3470 m, WC3 and (f) Well
LF-13-B, 3470 m, WC3, with abundant residual in the intermediate tuffaceous dissolution pores, in plane-polarized light. (g)
Well LF-13-A, 3413 m, WC3. (h) Well LF-13-A, 3451.5 m, WC3, with alkaline tuffaceous dissolution pores and the apatite
precipitated at the edges of dissolution pores, in plane-polarized light.
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Fig. 6. Characteristics of alteration products of tuffaceous materials in the Wenchang Formation of the study area. (a) Well
HZ-25-A, 3527.3 m, WC5, with acid-tuffaceous matter altered into kaolinite, in plane-polarized light. (b) SEM in the red box of
Fig. 6(a), poor crystal shape of kaolinite was generated, intergranular pores were filled with tuffaceous matter, SEM. (c) Well
HZ-26-A, 3415.2 m, WC4, basic-tuff altered into chlorite and illite, with the precipitation of authigenic quartz, SEM. (d) Well
HZ-25-B, 3777.13 m, WC6, acid-tuff altered into illite along the edge of grains and microfracure, orthogonal light. (e) Well
LF-15-A, 3710.9 m, WC4, intermediate tuff altered into illite, SEM. (f) Well LF-15-A, 3645.4 m, WC4, kaolinite. altered into illite,
SEM; (g) Well LF-13-B, 3484 m, WC3, the intermediate tuff was dissolved and the pores were filled with authigenic quartz, in
plane-polarized light. (h) Well LF-13-A, 3455 m, WC3, authigenic quartz precipitated in the tuffaceous dissolution pores, in
plane-polarized light. (i) Well HZ-26-B, 3791 m, WCA4. (j) Well HZ-26-B, 3816.5 m, WC4, laumontite precipitated in the basic
tuffaceous dissolution pores with tuffaceous disslution residue, in plane-polarized light. (k) Well HZ-26-B, 3798 m, WC4,
dissolution pores in the laumontite, in plane-polarized light. (I) Well LF-13-A, 3413 m, WC3, alkaline tuff altered into apatite,
which was spherically formed along the edge of the grains or along the dissolved pores, in plane-polarized light. (m) Well
LF-13-A, 3413 m, WC3, the early stage of apitite showed yellow-brown under cathode luminescence, while the late stage of
apitite showed fluorescent green under cathode luminescence, CL (cathode luminescence). (n) Well LF-13-A, 3413 m, WC3,
granulated apatite aggregates, SEM. (o) Well LF-13-A, 3430.6 m, WC3, needle rod-like apatite precipitated in the dissolution
pores, intergranular pores filled with pyrite, in plane-polarized light. (p) Well LF-13-A, 3451.5 m, WC3, the core of the short
columnar apatite showed orange-red under cathode luminescence, while the rim showed fluorescent green under cathode
luminescence, CL.

tionally, the early-formed kaolinite and chlorite could be
transformed into illite ®" (Fig. 6¢, 6f).

similar distribution mode of rare earth elements (REE)
(Fig. 7a), both of which have weak negative Eu anomalies
(Table 1), with an average Eu/Eu* value of 0.92. Also, they

. . . .. 4.2.2. Authigenic quartz
have no homology with authigenic kaolinite near feldspar

grains or dissolved feldspar (Fig. 7b). Chlorite was mostly
associated with the alteration of basic tuffaceous matrix !,
and was developed mainly in the HZ26 subsag, accom-
panied by the precipitation of authigenic quartz micro-
crystals (Fig. 6¢). Illite could be found in every subsag,
the tuffaceous components being altered into illite be-
tween the edges along the particles (Fig. 6d, 6e). Addi-

Authigenic quartz was widely developed in the reser-
voirs of the Wenchang Formation, and all types of tuf-
faceous dissolution can precipitate authigenic quartz.
According to its crystallographic form, authigenic quartz
can be divided into two types: microcrystalline quartz
grains and the overgrowth of quartz (Fig. 6g, 6h). The
overgrowth of quartz normally fills the tuffaceous disso-
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of Wenchang Formation.

lution pores or the nearby primary intergranular pores
(Fig. 6g) with a usual thickness of 10-80 um but up to
200 pum. The microcrystalline quartz consists usually of
columnar dipyramid crystals, and the grains grow in
random directions with different lengths (Fig. 6h). Com-
pared with quartz particles, the principal elements such
as Al and Fe are relatively enriched in the microcrystal-
line quartz grains and in the overgrowth of quartz (Fig.
8a). In addition, all the authigenic quartz retains a cer-
tain amount of light rare-earth elements (Fig. 8b), and all
showed weak negative Eu anomalies (Table 1), which
were distinctly different from the feldspar grains (Fig. 7b),
suggesting that the authigenic quartz is more likely to be
the alteration product of tuffaceous materials #>-3%,

4.2.3. Laumontite

Previous studies have suggested that the precipitation
of zeolite is closely related to the composition of the
original material and that it was controlled by the chem-
ical properties of formation liquid, among other factors
3351 In the study area, the laumontite was commonly
developed in the HZ26 subsag and was related to the
dissolution of basic tuffaceous material. In addition, the
laumontite could also be dissolved to different degrees to
form dissolution pores (Fig. 6k). Compared with the re-
sidual tuffaceous alteration, the contents of SiO. and CaO
were greater in the laumontite, while the contents of
AlOs and K20 were slightly less (Fig. 9). Furthermore, the
contents of CaO in the residual tuffaceous alteration
coated by the laumontite were somewhat lower than that
of basic tuffaceous materials without alteration (Fig. 9).
Therefore, the dissolution of basic tuffaceous matter can
provide part of the calcium for the precipitation of lau-
montite %2,

4.2.4. Apatite

Apatite developed only in the reservoir of Well LF-13-A

0.35
(a)
030 | —4-HZ-25-B-Authigenic quartz
' -©- HZ-26-A-Authigenic quartz
025 L -* LF-13-B-Authigenic quartz
) LF-15-A-Authigenic quartz
X -%- Quartz particles
= 0.20
c
L
5 0.15
(&}
0.10
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= —*
Na,0 MgO Al,0, K,O0 CaO TiO, FeO MnO Cr,0O,
Elementary composition

(b) —4-HZ-25-B-Authigenic quartz
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-%- Quartz particles
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Fig. 8. Elemental geochemical characteristics of the

authigenic quartz formed by tuffacous alteration in
Wenchang Formation. (a) The characteristics of the major
elements (without Si) in the authigenic quartz formed by
tuffaceous alteration. (b) The patterns of REE in the
authigenic quartz formed by tuffaceous alteration.

in Wenchang Formation. According to its microscopic
morphology and cathodic luminescence characteristics,
the apatite can be divided into two stages: granulated
apatite aggregates for the early stage and needle rod-like
apatite and plate columnar apatite for the late stage (Fig.
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Fig. 10. Major elements of apatite caused by tuffaceous
alteration of Wenchang Formation in the study area.

61, 6p). The early stage of apatite was scattered in the
alkaline tuffaceous matrix (Fig. 61), or grew along the
edges of the grains and the tuffaceous dissolution pores,
and was yellow-brown under cathodic luminescence (Fig.
6m). The granulated apatite aggregates were composed of
single crystals of fibrous or acicular apatite growing ra-
dially outward along the same growing core (Fig. 6n). At
the rim of the granulated apatite aggregates, the late
stage of needle rod-like apatite could be identified with
fluorescent green color under cathodic luminescence (Fig.
6m). Some depths of the reservoirs showed strong disso-
lution of the tuffaceous material; the early stage of apa-
tite did not develop. The apatite was dominated by needle
rod-like apatite or plate columnar apatite (Fig. 60, 6p),
and the intercrystalline pores of apatite were filled with
pyrite. The major-elements analysis showed that the
contents of Ca and P in the residual tuffaceous materials
were lower than those in the unaltered alkaline tuff (Fig.
10 and Table 1), indicating that the dissolution of alkaline
tuff can provide material for the precipitation of apatite.
In addition, the content of F was also an important index

for the classification of apatite stages®®. The content of F
in the granulated apatite aggregate is relatively low, with
an average content of 1.08%, while the contents in needle
rod-like apatite and plate columnar apatite are 5.68% and
5.34%, respectively (Fig. 10). The absence of core or ir-
regularity of core-rim in some plate columnar apatite also
suggests that a different intensity of dissolution occurred
in the early stage of apatite " (Fig. 6p).

4.3. Contents of tuffaceous dissolution and alteration
products

In order to quantitatively characterize the relationship
between dissolution of tuffaceous materials and altera-
tion products of the Wenchang Formation in the study
area, image analysis software was used to calculate the
content of tuffaceous dissolution, the areal porosity of
dissolution pores, and the contents of authigenic kaolin-
ite, quartz, laumontite, and apatite for different types of
tuffaceous material through thin sections (Fig. 11). Chlo-
rite and illite are not discussed in this study because, due
to their formation, they are difficult to calculate. With an
increase of acid tuff dissolution, the content of authigenic
kaolinite increases monotonically. The resulting areal
porosity of the tuffaceous dissolution pores were gener-
ally less than 2%, and those contents were relatively high
only in the zone with relatively low content of kaolinite
(Fig. 11a). When the dissolution content of basic tuff was
less than 4%, the authigenic mineral contents were rela-
tively low, and intergranular dissolution pores developed.
With an increase of the tuffaceous dissolution amount of
basic tuff, the content of laumontite was positively cor-
related with the dissolution amount of basic tuff. How-
ever, due to the dissolution of laumontite, the contents of
laumontite in some areas with high tuff dissolution con-
tent decreased (Fig. 11b). The intermediate tuff dissolu-
tion products were mainly authigenic quartz, which did
not completely fill the dissolution pores, so the areal po-
rosity of tuffaceous dissolution pores showed a positive
correlation with the tuffaceous dissolution amount (Fig.
11c). There was also a positive correlation between the
contents of apatite and the contents of alkaline tuff dis-
solution. Some apatite precipitated along the edge of the
tuffaceous dissolution pores, leading to a significant in-
crease of areal porosity of tuffaceous dissolution pores
and the apatite contents in areas with high tuffaceous
dissolution content (Fig. 11d).

5. Evolution of tuffaceous dissolution and its
influence on the physical property of the
reservoir

5.1. Evolution of tuffaceous dissolution

The intensity of tuffaceous dissolution and the differ-
entiation of alteration products were controlled by the
type and chemical properties of tuffaceous material =9,
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Combined with the diagenetic evolution of the reservoir
in the study area, the evolution pathways of different
types of tuffaceous dissolution were established (Fig. 12).
Among them, weak dissolution showed itself in the acid
tuff, mainly along the microfracture of tuff and along the
rims of grains (Figs. 3a and 5a), and the tuffaceous dis-
solution pores were relatively isolated (Fig. 5a). In the
process of dissolution, the tuff could be altered into kao-
linite ! (Figs. 6a, 6b, and 12) and precipitated micro-
crystalline quartz. With an increase of burial depth, the

residual tuffaceous materials could change into illite (Figs.

6d and 12). The basic tuff was more likely to form tuf-
faceous dissolution pores ® * 21 (Fig. 5¢, 5d). With the
dissolution of tuff, the residual tuff was changed into
chlorite, with the precipitation of authigenic microcrys-
talline quartz (Figs. 6¢ and 12). In addition, plate-like or
strip-like laumontite filled the dissolution pores of tuff
(Fig. 6i), or appeared in the form of porous tight cemen-
tation (Figs. 6j and 12). With an increase of burial depth
and of temperature, unstable minerals such as laumontite
dissolved to form dissolution pores ™ (Figs. 6k and 12),
and the remnants of chlorite and intergranular tuf-
faceous dissolution were also changed into illite (Fig. 6e).
The dissolution evolution pathways of intermediate tuff
are similar to that of acidic tuff (Fig. 12), but the dissolu-
tion was stronger, the contents of alteration products
were less, and the tuffaceous dissolution pores were rela-
tively developed (Fig. 5e, 5f). Alkaline tuff was dissolved
into pores by acidic fluid *37 (Fig. 5g, 5h), and released
active elements like Ca and P, resulting in the precipita-
tion of early stages of granulated apatite aggregates and
authigenic quartz along the edge of tuffaceous dissolution
pores (Figs. 6h, 6m, 60, and 12). With the continuous re-
action of the fluid, the dissolution expansion of tuf-
faceous dissolution pores and the early stage of apatite
occurred 7, and the needle rod-like late apatite were

precipitated along the dissolution pores (Figs. 6m and 12).
The alkaline tuff in some layers dissolved, and the tuf-
faceous dissolution residue underwent strong alteration
with the precipitation of late-stage short columnar apa-
tite crystals (Fig. 6p).

5.2. The response of tuffaceous material dissolution
to physical property of the reservoir

The evolution pathways of dissolution of tuffaceous
materials can be divided into three types, which have
different effects on the physical properties of reservoirs.

(1) Type I is the evolution pathway with strong tuf-
faceous alteration, and weak dissolution of the alteration
products. Taking acid tuff in the HZ25 subsag as an ex-
ample: It does not readily dissolve or form effectively
connected dissolution pores "' (Fig. 5a, 5b). With in-
creasing amounts of dissolution of tuffaceous material in
the reservoir, abundant kaolinite was precipitated nearby
(Fig. 11a). The tuffaceous dissolution pores were trans-
formed into intercrystalline pores of kaolinite, and were
compacted during burial evolution (Fig. 6a, 6b), which
not only failed to improve the reservoir properties, but
were also not conducive to the subsequent dissolution of
acidic fluids ™3V, In addition, the kaolinite caused by al-
teration did not readily dissolve again, but plugged the
pore throat because it would alter into illite ®Y(Fig. 6d).
Overall, in reservoirs bearing acid tuffaceous matters, the
dissolution process of this material is dominated by
strong alteration, and the precipitation of alteration
products is not conducive to the improvement of reser-
voir physical properties.

(2) Type 1I follows an evolutionary pathway with strong
dissolution of tuffaceous materials, and strong alteration
of the residual. Taking intermediate tuff in Well LF-13-B
and Well LF-15-A as examples, under the influence of
acidic fluid, the intermediate tuffaceous materials
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Fig. 12. Diagram of evolution pathways of tuffaceous dissolution.

dissolved and formed dissolution pores ' (Figs. 3e and mainly authigenic quartz in relatively small amounts
5e). The dissolution byproducts in the reservoirs were (Figs. 6g and 11c); a large number of tuffaceous dissolu-
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tion pores were still retained. However, due to the in-
complete dissolution of tuffaceous material, the residual
remained in the dissolution pores and was altered into
illite (Figs. 51, 6e and 6g), which led to the obstruction of
pore-throat connectivity. The alkaline tuffaceous materi-
als were also strongly dissolved in Well LF-13-A, where
short columnar apatite crystals along the dissolution
pores were precipitated (Figs. 5h and 6p) or, in the form
of needle rod-like apatite crystals, filled the dissolution
pores. Those apatite crystals braced each other like a
frame (Figs. 5g and 60), and could retain some tuffaceous
dissolution pores, but it was not conducive to an increase
of reservoir permeability. Therefore, although the tuf-
faceous dissolution caused by intermediate and alkaline
tuff could effectively increase porosity, it was difficult to
increase reservoir permeability.

(3) Type III is the evolution pathway with strong dis-
solution and alteration of tuffaceous material, and strong
dissolution of the alteration products. In the reservoirs
bearing basic tuffaceous materials in HZ26 subsag, the
dissolution pores of tuffaceous materials were formed
easily (Figs. 5¢, 5d and 11b), and precipitated chlorite and
laumontite (Fig. 6¢, 6i-k). The precipitation of laumontite
decreased the compaction in the burial process to some
extent, and with the increase of burial depth, acidic fluid
could dissolve laumontite again to form different scales
of intergranular dissolution pores™ 3* (Fig. 9k). Therefore,
the dissolution of the basic tuffaceous material could not
only form a large number of intergranular dissolution
pores, but could also dissolve the alteration products again,
which significantly improved the quality of the reservoir.

Combined with the physical characteristics of sand-
stone reservoirs in the Wenchang Formation of the study
area, the tuffaceous dissolution pathway of Type III gives
the most obvious improvement of reservoir physical
properties. Observed mainly in the sandstone reservoirs
in the HZ26 subsag with the enrichment of basic tuf-
faceous material, the average porosity is 14.88% and the
average permeability is 24.63x107® um? (Fig. 13 and Table
2). The dissolution of tuff and laumontite in the reser-
voirs provided fine pore throat connectivity.

The second best is the tuff dissolution pathway of Type
II, which developed mainly in the LF13 subsag and LF15
subsag with the enrichment of intermediate or alkaline
tuff in the reservoirs. The average porosity is 13.85%, and
the average permeability is 2.69x107% pum? (Fig. 13 and
Table 2). The intergranular tuff dissolution pores devel-
oped and were not fully filled by the authigenic minerals.
Therefore, the dissolution of tuff could effectively connect
the intergranular dissolution pores and primary pores to
improve the quality of reservoirs. However, the perme-
ability of the reservoir that underwent this type of tuff
dissolution pathway is relatively low due to the blockage
of pore throats by the residual of tuff dissolution, authi-
genic quartz, and apatite. Moreover, a large amount of
authigenic kaolinite was deposited in the reservoir dur-
ing burial evolution due to the tuff dissolution pathway of
Type 1. The alteration byproducts did not readily redis-
solve and the intergranular pores could be destroyed by
the late compaction during the deep burial process. The
reservoirs that underwent this kind of tuff dissolution
could not significantly improve the reservoir physical
properties; the average porosity is 11.37% and the average
permeability is 4.13x107 um? (Fig. 13 and Table 2).
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Table 2. Reservoir physical properties of each type of the evolution pathway of tuff dissolution

Dissolution type and Representative  Types Average  Average Average
evolution atipwa < P Well o?‘lrt)uﬁ content of tuff porosity/ permeability/ Main types of the pore
P Y dissolution/% % 107% pym?
Type |, strong alteration, HZ-25-A Tuff dissolution pores, intergranular
alteration products were ’ Acidic tuff 3.07 11.37 4.13 pores of clay minerals, few feldspar
o . HZ-25-B : ; .
difficult to dissolve dissolution pores;
Type I, strong dissolution, LF-13-A, Intermediate Tuff dissolution pores, primary pores,

and strong alteration LF13-B, and alkaline 2.62 13.85 2.69 intergranular pores of clay minerals
of the residual LF-15-A tuff and apatite crystals;

Type lll, strong dissolution . . .
and alteration, and strong - HZ-26-A, - pogio vyt 4.86 {488 2453 cissolulion porca, primary pares.
dissolution of the alteration HZ-26-B ' ) ' P P v !

products

intergranular pores of clay minerals.
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6. Conclusions

There were four main types of tuffaceous matrix de-
veloped in the sandstone reservoirs in the Wenchang
Formation of Huizhou Sag and Lufeng sag. They were acid,
intermediate, basic, and alkaline tuffaceous materials. The
type of tuffaceous matrix determined the ability to form
dissolution pores and alteration products, which was the
fundamental reason for the differential dissolution evo-
lution of tuffaceous materials. The acid tuffaceous mate-
rial did not readily dissolve into pores, and was trans-
formed mainly into authigenic kaolinite and illite. The
intermediate tuffaceous material was unstable in the
burial diagenesis, and it easily formed dissolution pores.
The authigenic quartz precipitated, and the residual of
intergranular tuffaceous materials was transformed to
clay minerals. The dissolution pores were easily formed
in the basic tuffaceous material, and the residual tuf-
faceous materials changed into chlorite. The basic tuf-
faceous materials could also be transformed into lau-
montite in some of the reservoirs, which provided the ma-
terial for later dissolution. The alkaline tuffaceous mate-
rials tended to be altered alone in the tuffaceous dissolu-
tion pores and precipitated apatite. With the expansion of
the dissolution of tuffaceous dissolution pores, the late
stage of authigenic apatite crystals with more regular
crystal shape were precipitated at the edge of the dissolu-
tion pore.

According to the dissolution evolution pathways and
the amount of alteration products of different types of
tuffaceous material in each subsag, the dissolution of
tuffaceous materials can be divided into three types,
which had different effects on the physical properties of
the reservoir. The most constructive for the physical
properties of the reservoir was the dissolution of basic
tuffaceous materials, which experienced an evolutionary
pathway of both strong dissolution of tuffaceous materi-
als and the alteration products. The reservoir spaces were
dominated by intergranular pores with the best pore
throat structure. Therefore, the dissolution of this kind of
tuffaceous materials can effectively improve the porosity
and permeability of the reservoir. The second was the
dissolution of intermediate and alkaline tuffaceous ma-
terials, which was the evolutionary pathway of strong
dissolution of tuffaceous materials and strong alteration
of the residual tuffaceous materials. The reservoir spaces
were dominated by dissolved intergranular pores and
primary intergranular pores, but alteration products such
as quartz, illite, and apatite would block the pore throats
to some extent. Overall, the tuffaceous dissolution
showed increasing porosity and reduction of permeability
in the reservoirs. The evolution pathway of strong altera-
tion of tuffaceous materials and the undissolved altera-
tion products was dominated by the dissolution of acid
tuffaceous materials. The reservoir spaces were domi-

nated by the altered kaolinite with undeveloped inter-
crystalline pores, which was not conducive to the im-
provement of quality of the reservoirs.
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