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ABSTRACT

Laumontite is a calcium-rich zeolite that typically occurs as an authigenic mineral in sedimentary rocks. Due to
its specific formation conditions and its high instability in acidic environments, laumontite provides a key
geological indicator for analysing sedimentary-diagenetic system and identifying high-quality reservoirs in
middle-deep strata. This study offers a comprehensive review of the distribution, occurrence, chemical compo-
sition, genesis, controlling factors, and the impacts on hydrocarbon reservoirs of laumontite in the sedimentary
rocks of typical non-marine basins in China, such as the Junggar Basin, the Ordos Basin, and the Sichuan Basin.
Previous research indicates that laumontite commonly develops as a continuous or patchy cement, fracture
filling, and replacement product within vertically stacked deltaic subaqueous distributary channels. Sandstones
enriched in plagioclase or volcanic material are considered ideal host rocks for laumontite formation. During
eodiagenesis (<85 °C), laumontite extensively fills intergranular pores, with individual crystals typically
exhibiting a long prismatic habit, and commonly occurring in association with clay minerals, quartz, and heu-
landite. During mesodiagenesis (85-175 °C), laumontite occurs as patchy intergranular fillings, with individual
crystals progressively developing a short prismatic morphology, and is mainly associated with calcite, illite,
quartz, and albite. Laumontite in sedimentary rocks is typically characterised by a low Si/Al ratio (2.00-2.20),
and its chemical composition shows no systematic variation with temperature or occurrence. Formation mech-
anisms of laumontite include the albitisation of plagioclase, transformation of volcanic material, and alteration of
early-formed zeolites. Incomplete transformation of plagioclase may result in a higher Si/Al ratio in laumontite.
Fluid inclusion homogenisation temperature data indicates laumontite in sedimentary rocks primarily forms
within a temperature range of 60-140 °C. The transformation of plagioclase and volcanic material to laumontite
can proceed throughout this interval, while alteration of heulandite to laumontite generally requires tempera-
tures above 90 °C. High pH, low pCO2 and Ca-rich pore fluids are key factors controlling laumontite formation,
while the presence of Na™ lowers the equilibrium temperature of laumontite-forming reactions. Although early-
formed laumontite occupies primary pores, it also contributes to compaction resistance. Owing to its well-
developed cleavage and large internal pore volume, laumontite dissolves more readily in acidic fluids than K-
feldspar, albite, or other aluminosilicates. Its dissolution zone provides a favourable environment for hydro-
carbon accumulation. Additionally, the internal cavities within laumontite crystals possess a large specific sur-
face area, which enables strong physical adsorption of methane molecules.
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1. Introduction

Zeolite was first synthesised and named by a Swedish scientist in
1756, but natural zeolites were not discovered in volcanic rocks until the
1950s. Since then, extensive research has been conducted on the
structure, composition, and genesis of various types of zeolite minerals
(Hay, 1966; Hay and Sheppard, 2001; Bloch and Helmold, 1995; Stewart
and Mcculloh, 1977). Zeolites are aluminosilicate minerals with a

framework consisting primarily of Si—O and Al—O tetrahedron. Cav-
ities and channels typically account for more than 50 % of the total
crystal volume (Hay, 1966). Zeolites can be classified into high-silica
and low-silica types based on their Si and Al content, and they
commonly exhibit vertical zonation—transitioning from high-silica ze-
olites in shallow layers to low-silica types at greater depths (Iijima,
2001; Sun and Cao, 1991). Laumontite is a representative low Si/Al ratio
zeolite. For several decades, laumontite has been regarded as an

Table 1
Characteristics of laumontite-bearing strata in typical basins worldwide.
Locality Age Basin and Region Basin type Depositional Rock Types Depth (m) Geothermal Volume References
environment gradient content
(°C/100 m) (%)
. San Emigdio area of Foreland Arkose/Lithic Bloch and
ol Deep- 1525 3.0-3.5 0-24/18
1gocene San Joaquin Basin basin cep-sea arkose > / Helmold (1995)
North Tejon oil fields Foreland Noh and Boles
A i Mi Deep- Ark 2642- 1-2!
merica iocene of San Joaquin Basin basin eep-sea rkose 642-3408 / 5 (1993)
. Foreland . Helmold and
Paleogene Santa Ynez basin basin Marine Arkose 2515-5669  / 1-15 Van (1984)
Yufutsu field of south-  Fore-arc Yanagimoto and
E Fluvial Congls t 4200-4800 2.9 12.5 N
ocene central Hokkaido basin uvia onglomerate lijima (2006)
Japan .. I Back-arc
Niigata Oil Field of . lijima and
Neogene Northern Honshu bas¥n/R1ft Deep-sea Arkose 3500-4500 3.3 / Utada (1974)
basin
Faeroe Late Rosebank field of Arkose/Lithic Seetre et al
) Paleocene- . Rift basin Fluvial-delta 2800-3000 5.1 4-14 : o
islands Faraeo-Shetland basin arkose (2018)
Early Eocene
Southwestern flank of
L tri d Ark Lithi Limarino et al.
Argentina Cretaceous the Golfo de San Jorge  Rift basin ac1'15 rine an rkose/Lithic >2500 2.5-3.5 0-14.6 tmanno et a
fluvial arkose (2017)

Basin
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indicator of low-grade metamorphism (Kossovskaya and Shutov, 1965;
Winkler, 1979). Its presence was long considered the ‘death line’ for
petroleum, a phenomenon petroleum geologists sought to avoid. How-
ever, by the late 20th century, with technological advancements and
increased research, more geoscientists recognised that laumontite can
form at lower temperatures (Helmold and Van, 1984; Wopfner et al.,
1991; Noh and Boles, 1993; Civitelli et al., 2024). Homogenisation
temperatures of fluid inclusions suggest that laumontite may begin to
form at temperatures below 100 °C, possibly as low as 60-70 °C (Yang
and Qiu, 2002). This indicates that laumontite precipitation can occur
prior to intense compaction and before the influx of organic acids and
hydrocarbons (Yang and Qiu, 2002; Wang et al., 2022a). Laumontite in
sedimentary rocks is commonly observed in sandstones and conglom-
erates rich in volcanic material or plagioclase, but is scarce in siltstones
and mudstones (Iijima,1988, Koporulin, 2013, Zhu et al., 2014a). It
primarily occurs as cement or replacement product during burial
diagenesis (Helmold, 1979; Iijima, 2001; Wang et al., 2004). Due to its
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susceptibility to dissolution under acidic conditions—which enhances
hydrocarbon reservoir quality (Zhu, 1985; Iijima, 2001)—laumontite is
significant for mid- and ultra-deep oil and gas exploration.
International research on laumontite in sedimentary rocks have
primarily examined marine and fluvial depositional environments.
Table 1 summarises key characteristics of representative laumontite-
bearing basins. Early studies concentrated on zeolites in volcaniclastic
rocks, detailing vertical zonation patterns and the transformation
sequence from volcanic glass to zeolites (Coombs, 1954; Iijima and
Utada, 1974; lijima, 1988; Ogihara, 1996). The transformation of heu-
landite to laumontite under alkaline conditions is recognised as a major
formation pathway. Albitisation of plagioclase also provides essential
material sources for laumontite precipitation (Coombs, 1954; Coffman,
1988; Noh and Boles, 1993). Although early laumontite precipitation
may enhance the potential for later dissolution, analysis of clastic rocks
in the Los Angeles Basin by Coffman (1987) revealed that secondary
pores are well developed in calcite-cemented zones but remain limited
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Fig. 1. Simplified map showing the non-marine petroliferous basins in China from where laumontite has been reported in sedimentary rocks (a). Histogram showing

the lithological types of rocks hosting laumontite in the major basins of China (b).
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Table 2
Main laumontite-bearing formations in the non-marine petroliferous basins in China.
Stratigraphy =~ Formation Abbreviations ~ Basin and Basin Depositional Rock Types Depth/m Geothermal Volume References
Region type environment gradient content/
(°C/100 m) %
Huizhou Sag of Ma et al
Wench: “
Palaeogene Fnelnc ang Esw Pearl River Rift Basin ~ Fan Delta Arkose 30004200  3.35 1-24 (2023); Jin
. . 6 ’
Mouth Basin et al. (2023)
Changling Zhang et al.
Yinach Lishu and (2016); Hu
Cretaceous F:gc ens Kiy Dehui Fault Rift Basin  Fan Delta Arkose 1500-4100  3.5-4.0 1-32 et al. (2018);
) Depression of 4 Yang et al.
Songliao Basin (2017); Guo
(2018)
Lishu Fault . )
Shahezi Fm. Kis Depression of Rift Basin  Fan Delta Arkose 2000-4000  3.5-4.0 0-3 Chen (2017);
Songliao Basin 1 Hou (2022)
Xing and
0 . Ll:(h‘“ y Zhang (1982);
uantou an arkose,
North Songli Yang et al.
Denglouku Kiq and K;d Orth 5ongla®  pift Basin  Fan Delta Feldspathic ~ 2000-4000  3.80 1-28 &<
Basin lithi 8 (1991); Yang
Fm. ithic et al. (2002);
sandstone Wang et al.
(2004)
Dalazi and Yu et al.
K K Yanji Basi ift Basi Fan Del Arke 1 —.
Tongfosi Fm. 1d and Kt anji Basin Rift Basin an Delta rkose 400-3300 / / (2012b)
Nantun and Wuerxun - o
Tongbomiao Kin and Kyt Beier Sag of Rift Basin  Fan Delta Arkose 500-2000 3.44-4.20 1-13 Cui (2007); Yu
Fm. Hailaer Basin 5 et al. (2012a)
Qing et al.
\dsoathi (2020); He
Shaximi Central and Cratoni f,:h_Spat 1 et al. (2023);
Ximi ratoni ithi .
Jurassic Fnii ao Jas Northeastern BaZir(: ¢ Delta san dcstone y 1600-2200  2.27 1-17 Xiao et al.
. Sichuan Basin ithic ark 3 (2023); Chen
Lithic arkose et al. (2024);
Tan et al.
(2024)
Yang et al.
(2002); Bai
et al. (2009);
1th to 4th of Fu et al.
i Brai i Arke
Triassic Yanchang Ty Ordos Basin gra@mc Dr‘ilded River L.r h‘.’se/ . 500-3000  2.80 1-25 (2010); Zhou
Fm. asin elta ithic arkose 3 (2019); Yuan
et al. (2020);
Wang et al.
(2022a); Fu
et al. (2022)
Hami Sag of E&:}ll(iizpathm
Keymay Fm. Tok Turpan-Hami Rift Basin Fan Delta sandstone/ 3800-4500 2.95-3.29 12 Liu (1996)
Basin Lithic arkose
Wang et al.
. Wutonggou Fukang Sag of Foreland 215
Permian Fm. Paw Junggar Basin Basin Fan Delta Arkose 1500-6000 2.60 7 (2018); Shan
et al. (2023)
Cai (2016); Li
[ZJhT-I;gguZI (2019); Guo
t
Jiamuhe Fm. Pyj Slll) ! anS ; Rift Basin  Fan Delta Arkose 3000-7000  2.12 1-36 et al. (2022);
awan 5ag o 9 Zhou et al.
Junggar Basin (2023); Zhao
et al. (2023)
Lian and Yang
Zhongguai (2017); Li
Uplift, Mahu Rift- (2019); Yan
Weuerhe Fm. Posw and Shawan Foreland Fan Delta Arkose 1900-7000  2.12 2-16 (2019); Guo
Sag of Junggar  Basin 4 et al. (2022);
Basin Sun et al.
(2023); Qin
et al. (2023b)
. Chaiwopu Sag
H h 0-3
ongyancht Poh of Junggar Rift Basin  Fan Delta Arkose 3000-4500  2.60 — Yuetal.
Fm. . 1
Basin (2016)
Min — Max
Volume content: —— .
avg
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in laumontite-cemented zones. This contrast is likely the result of se-
lective dissolution by diagenetic fluids. Additionally, hydrothermal
laumontite in sandstones has been widely studied (Vincent and Ehlig,
1988; Hall and Moss, 1997). It typically precipitates within intergran-
ular pores and early-formed microfractures. Subsequent tectonic activity
may reopen laumontite-filled veins, increasing the potential for high-
quality hydrocarbon reservoirs (Yanagimoto and Iijima, 2006). How-
ever, late-stage hydrothermal laumontite can have a detrimental impact
on reservoir rocks (Remy, 1994).

Although research on laumontite in China started relatively late, its
important role in hydrocarbon reservoir formation has attracted
increasing attention over the past three decades, leading to significant
progress in understanding its formation and distribution (Zhu, 1985;
Yang et al., 1991; Zhang, 1992; Fu et al., 2010; Meng et al., 2020; Zhu
etal., 2020; Fu et al., 2022; Chen et al., 2024). Currently, laumontite has
been reported across a wide range of basins in China (Fig. 1), including
the Permian of the Junggar Basin, the Jurassic of the Sichuan Basin, the
Triassic of the Ordos Basin, and the Cretaceous of the Songliao, Yanji,
and Hailaer basins, as well as the Paleogene of the Pearl River Mouth
Basin. Laumontite in sedimentary rocks across various Chinese regions
predominantly forms in lacustrine-deltaic environments. Detailed
geological backgrounds of each basin are provided in Table 2. Lau-
montite occurs at buried depth of 500-7000 m, with an average volume
content of about 4-6 % and a maximum recorded value of 36 %. The
host rocks are primarily arkose and feldspar lithic sandstones, classified
according to the scheme proposed by Folk (1968). Among these, the
Yanchang Formation of the Ordos Basin and the Permian of the Junggar
Basin, exhibit the most extensive laumontite development, whereas the
Wenchang Formation of the Pearl River Mouth Basin shows only limited
occurances. Notably, the sandstones of the Yanchang Formation in the
Ordos Basin contain a relatively low proportion of volcanic material.
Ongoing research has highlighted the strict formation conditions and
complex distribution patterns of laumontite. Moreover, a clear correla-
tion has been observed between laumontite content and reservoir
porosity (Bai et al., 2009; Qi, 2013; Chen et al., 2024). This has
prompted increased attention in the mechanisms of laumontite forma-
tion and dissolution, in order to clarify its intrinsic relationship with

Sio, Ca H,O O H  AlO,

Chemical Hydrogen

tetrahedron tetrahedron  bond bond

Fig. 2. Tetrahedral models of highly (a) and lowly (b) hydrated laumontite
structures (modified from Rashchenko et al., 2012).
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high-quality hydrocarbon reservoirs. These insights aim to offer more
accurate guidance for oil and gas exploration.

This study provides a comprehensive review of research on lau-
montite in sedimentary rocks from continental lacustrine basins in
China, focusing on its distribution, occurrence, chemical composition,
and associated minerals. By integrating thin section petrography, scan-
ning electron microscopy (SEM), electron probe microanalysis (EPMA),
and fluid inclusion thermometry, this study investigates the genesis and
evolutionary models of laumontite in sandstone and conglomerate, as
well as its implications for hydrocarbon reservoir quality. The findings
provide a theoretical basis for understanding diagenetic systems in
volcanic-sedimentary basins and the formation mechanisms of high-
quality laumontite-bearing reservoirs in middle to ultra-deep strata.

2. Laumontite mineralogy

Laumontite (Ca4[AlgSi;0458]-16H20), a calcium-rich zeolite, pos-
sesses a crystal framework composed of four- or six-membered rings
formed by Si—O and Al—O tetrahedron, along with metal cations and
H,0 molecules (a = 7.57 A, b = 13.10 &, ¢ = 14.75 A, p = 111.5°)
(Fig. 2). Laumontite has a Mohs hardness of approximately 3-3.5 and is
characterised by a brittle texture, making it prone to fracturing. Due to
its lower Si/Al ratio compared to other common zeolites in sedimentary
rocks—such as analcime—laumontite possesses a larger cavity volume
and pore size within its crystal structure (Pan et al., 2015), which fa-
cilitates the penetration of acidic fluids. Laumontite can reversibly
transition between a low-hydration state (12-14 H30) and a high-
hydration state (16-18 Hy0) in response to fluctuations in tempera-
ture and humidity. The low-hydration form is commonly referred to as
‘leonhardite’ (Rashchenko et al., 2012). Although dehydration does not
alter the crystal lattice, it may result in reduced transparency and a
lower refractive index. Upon rehydration to its original level, the
physical properties are typically restored (Yang, 2014). Similar to feld-
spar, the substitution of Na* and K* for Ca®* in laumontite is possible.
When small amounts of Na™ and K* replace Ca?* and enter the crystal
lattice, they modify the crystal structure and influence the incorporation
of H,0 molecules (Baur et al., 1997; Rashchenko et al., 2012). This type
of laumontite can be referred to as ‘Na, K-rich laumontite’ with
51mphﬁed stoichiometry [(Ca2_6Na1_2)K1,6 (H20)14] [Algsi1604g].

Laumontite belongs to the monoclinic crystal system. Under plane-
polarised light, it appears colorless with low negative relief and ex-
hibits two sets of nearly vertical cleavages. In cross-polarised light, it
displays interference colours ranging from grayish white to pale yellow,
accompanied by oblique extinction. Laumontite typically forms pris-
matic crystals, which may gradually transition to pseudoisometric or
pseudorhombohedral habits with increasing temperature and
decreasing supersaturation (Kostov, 1967) (Fig. 3a). Ghobarkar and
Schaf (1998) synthesised laumontite under laboratory conditions at
30-365 °C and 1 kbar H,0 pressure. They concluded that long prismatic
laumontite crystals are characteristic of low-temperature growth,
whereas short prismatic crystals form at higher temperatures (Fig. 3b-d).
At 250 °C, two distinct crystal morphologies were observed, suggesting
the initiation of a second generation of laumontite formed through
dissolution and re-precipitation. Furthermore, with increasing temper-
ature, the crystals exhibited progressive shortening along the c-axis. In
natural settings, laumontite commonly occurs in sedimentary rocks as
columnar, fibrous, or radiating aggregates (Fig. 3e, f) (Goodell, 1969;
Wang et al., 2022b; Zhou et al., 2023).

3. Occurrences and associated authigenic phases

Laumontite primarily forms during the late eodiagenetic and early
mesodiagenetic stages, with the latter also marking the main phase of
laumontite dissolution. During early eodiagenesis, laumontite first ap-
pears as continuous cement, fracture filling, and replacement product, a
process that continues into stage B. Following the onset of
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> in laboratory

Fig. 3. Crystal habits of laumontite. (a) Crystal structures of natural laumontite at different temperatures and saturations. (b) Synthetic single crystal at 30 °C. (c, d)
Synthetic single crystal at 250 °C. (e, f) Natural laumontite aggregates formed at 60-100 °C. Lmt: laumontite. a-d: from (Kostov, 1967; Ghobarkar and Schaf, 1998).

Table 3
Characteristics and Associated authigenic phases of laumontite in different diagenetic stages.
Diagenetic stages Crystal form Occurrence Associated authigenic Genesis temperature
phases
. . . . Continuous cement, fracture filling, . albitization of plagioclase,
Early eodiagenesis (+) Long prismatic 8 1/8, chlorite, quartz . plag . . <65 °C
replacement product transformation of volcanic material
. S chlorite, quartz, albite albitization of plagioclase
. . . . Continuous cement, fracture filling, . N
Late eodiagenesis (++-+) Long prismatic chlorite, quartz, . . X 65-85 °C
replacement product ) transformation of volcanic material
heulandite
Icite, tz, illite, e .
@ ?l © quartz, THte albitization of plagioclase
albite
Early mesodiagenesis Long prismatic, short atchy cement, fracture filling, heulandite, calcite, . . R
Y 8 N8 prt patehy 8 i . transformation of volcanic material 85-140 °C
(+++) (=) prismatic replacement product quartz, illite, albite
heulandite, calcite, . .
s transformation of early zeolite
quartz, illite
L i i fr: filli 1 lci kaolini
ate mesodiagenesis (+) short prismatic acture filling, replacement calcite, quartz, kaolinite, transformation of early zeolite 140-175 °C

) product

illite

(+) The formation of laumontite, (—) the dissolution of laumontite.

mesodiagenesis, continuous compaction and early cementation result in
a significant loss of primary porosity. Consequently, laumontite pre-
dominantly occurs in the form of patchy cement, fracture filling, or as a
replacement product. Over the full diagenetic history, laumontite is
closely associated with minerals such as chlorite, illite, montmorillonite,
quartz, heulandite, calcite, and albite. The assemblage of laumontite-
associated minerals varies across different diagenesis stages (Table 3).

3.1. Continuous and patchy cement

During early diagenesis, continuous laumontite cement forms
extensively, consistently filling primary pores (Fig. 4a-c) and displaying
well-developed cleavage (Fig. 4d-f). This type of laumontite is mainly
found in sandstones with high laumontite content, where clastic grains
are predominantly in point contact. It has been observed in the Shax-
imiao Formation of the Sichuan Basin and the Yanchang Formation of
the Ordos Basin, at present-day burial depths ranging from approxi-
mately 500 to 4000 m.

Patchy laumontite forms during the middle to late stages of

diagenesis and is characterised by irregular, scattered, and uneven dis-
tributions among detrital particles, typically exhibiting indistinct
cleavage (Fig. 4g). The size and morphology of the crystals are influ-
enced by the surrounding pore structure (Fig. 4h), with clastic grains
generally displaying point or linear contacts. This type of laumontite is
commonly observed in the Wenchang Formation of the Pearl River
Mouth Basin, the Cretaceous of the Songliao and Hailar Basins, and the
Permian of the Junggar Basin, at burial depths ranging from approxi-
mately 2000 to 7000 m.

The formation of laumontite cement is controlled not only by
diagenetic stage and burial depth, but also by the structural maturity
and initial porosity of the host rock. High-maturity sandstones typically
favour the development of continuous cement, while low-maturity
sandstones with limited initial porosity tend to develop patchy
laumontite.

3.2. Fracture filling

Fracture-filled laumontite is relatively common in volcanic rocks and
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Fig. 4. Occurrences of laumontite in sedimentary rocks from continental lacustrine basins in China: (a-f) continuous cement, (g-h) patchy cement and (i) fracture-
filled laumontite. (a) Well ZJ6, 4879.5 m, P;j in Shawan sag of Junggar Basin. (b) Well ZQ1, 2654.5 m, J,s in central region of Sichuan Basin. (c) Well B201-1,
3222.96 m, K,y in Longfengshan region of Songliao Basin. (d-e) Well W155, 2379.5 m, Tsy? in Longdong region of Ordos Basin. (f) Well JQ16, 2742.12 m, J,s in
central region of Sichuan Basin. (g) Well F48, 4511 m, Psw in Zhundong region of Junggar Basin. (h) Well X462, 2223.8 m, Tsy' in Shanbei region of Ordos Basin. (i)
Well M218, 3948.23 m, Pow in Mahu region of Junggar Basin. Lmt: laumontite; Chl: chlorite; I/S: mixed layer; Vm: volcanic material. a-c: from (Liu et al., 2017;
Wang et al., 2022b; Zhou et al., 2023). f-i: from (Chen et al., 2019b; Yan, 2019; Qin et al., 2023a; Chen et al., 2024).

often associated with hydrothermal activity (Hall and Moss, 1997; Liang
et al., 2011; Nan et al., 2016). However, its distribution is limited in
lacustrine sedimentary rocks of continental basins in China, with re-
ported cases confined to volcanic-rich sandstones of the Wuerhe For-
mation in the Mahu Depression, Junggar Basin (Fig. 4i). Fracture-filled
laumontite has been observed to form contemporaneously with inter-
granular laumontite (Yan, 2019). In the Santa Ynez Mountains of Cali-
fornia, fracture-filled laumontite is also developed in feldspar-rich
sandstones. These fractures can reach widths of up to 2 mm and extend
several tens of centimetres in length. They are interpreted to have
formed during late diagenesis, which closely corresponds to the main
period of laumontite precipitation (Helmold, 1979).

3.3. Replacement of grains or volcanic matrix

The replacement of other materials by laumontite is also a common
diagenetic feature, involving plagioclase, volcanic material, quartz
grains, and early-formed zeolites. The replacement of plagioclase by
laumontite typically initiates along twinning planes and cleavage frac-
tures or progresses inward from grain edges (Fig. 5a-c) (Li et al., 2005;
Chen et al., 2019a, 2019b). In regions of extensive replacement, lau-
montite may encapsulate inclusions of sericite or epidote, which are
typically formed through the alteration of plagioclase. In volcaniclastic
sequences, laumontite preferentially replaces two main components:
volcanic glass within volcanic fragments and volcanic ash between
larger particles (Fig. 5d, e). In contrast to the frequent replacement of
plagioclase and volcanic material, the replacement of quartz grains is
exceptionally rare, occurring only locally in the Shaximiao Formation of
the Sichuan Basin (Fig. 5f). Additionally, the replacement of early-

formed zeolites, such as heulandite, represents another significant
type. This replacement process can take place concurrently with inter-
granular cementation, as they share similar formation conditions.

3.4. Associated authigenic phases of laumontite

Clay minerals, including illite-smectite mixed-layer (I/S), illite,
kaolinite, and chlorite, are the principle minerals associated with lau-
montite. Their formation is facilitated by the hydration of volcanic
material, the alteration of biotite, and ion migration from adjacent
mudstones. During early diagenesis, 1/S and illite commonly develop
along grain margins, forming rim-like coatings. Then chlorite and lau-
montite fill the pores enclosed by these coatings (Fig. 4h). In the late
stage, illite and kaolinite may develop as secondary minerals resulting
from laumontite dissolution. Chlorite commonly occurs as a pore-lining
or pore-filling phase in laumontite-bearing sandstones (Fig. 6a, b), with
pore-lining chlorite being more widespread and typically forming before
quartz overgrowths and zeolite minerals. In contrast, pores-filling or
replacement chlorite forms later but exhibits better crystallinity. Elec-
tron microprobe analyses show that chlorite associated with laumontite
is iron-rich (24-28 wt%) and magnesium-poor (8-9 wt%) (Bai et al.,
2009; Qing, 2020; Hong et al., 2022). Among these, chlorite from the
Yanchang Formation in the Ordos Basin has the lowest iron content (24
wt%), reflecting the limited input of volcanic material and the insuffi-
cient supply of Fe and Mg ions in the region.

The hydrolysis of volcanic material releases a large amount of dis-
solved SiOy(aq), and the alteration of plagioclase also contributes to its
generation. During early diagenesis, some of the SiOy(aq) precipitates as
quartz overgrowths (Fig. 6¢), typically forming earlier than laumontite
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Fig. 5. Laumontite replaceing plagioclase(a-c), volcanic material(d-e) and quartz(f) in sedimentary rocks of continental lacustrine basins in China. (a) Well Q5,
1083.3 m, Tgy3 in Ordos Basin. (b) Well SH1, 2190.1 m, J»s in central region of Sichuan Basin. (c) Well B420, 2426.9 m, T3y2 in Longdong region of Ordos Basin. (d)
Well K80, 4155.69 m , Pow in northwest region of Junggar Basin. (e) Well YQ1, 2162.9 m, J,s in central region of Sichuan Basin. (f) Well SH1, 2190.1 m, Js in
central region of Sichuan Basin. Pl: plagioclase; Lmt: laumontite; Vm: volcanic material; Q: quartz. a: from (Wang et al., 2022a). e: from (Chen et al., 2024).

Fig. 6. Characteristics of chlorite(a-b), quartz(c-d), heulandite(e), albite(f-g) and calcite(h-i) associated with laumontite in sedimentary rocks of continental
lacustrine basins in China. (a) Well H411, 1261.17 m, Tgy® in southeastern Ordos Basin. (b) Well XX, P in Junggar Basin. (c) Well SH1, 2190.1 m, Js in central region
of Sichuan Basin. (d) Well G3, 4760.8 m , Psw in Mahu region of Junggar Basin. (e) Well M217, 4058.8 m, Pow in Mahu region of Junggar Basin. (f) Well L8, 4179.8
m, Ky in Lishu fault depression of Songliao Basin. (g) Well ZJ1, 4862.7 m, Pyj in Shawan region of Junggar Basin. (h) Well L87, 1866.9 m, Tsy' in Longdong region
Ordos Basin. (i) Well G191, 4335 m, Psw in Shawan region of Junggar Basin. Lmt: laumontite; Chl: chlorite; Q: quartz; Hul: heulandite; Ab: albite; Cal: calcite. a: from
(Fu et al., 2022). d-g: from (Zhi et al., 2022; Yan, 2019; Hou, 2022; Zhou et al., 2023). i: from (Zhi et al., 2022).
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(Fig. 6d) but later than pore-lining chlorite. Due to the increased solu-
bility of SiO, under alkaline conditions, most dissolved silica is subse-
quently incorporated into laumontite during late diagenesis. Under
acidic conditions, quartz can also precipitate in pores as a dissolution
product of laumontite.

The formation of heulandite is closely associated with the alteration
of volcanic material, often derived from the transformation of clinopti-
lolite produced by the hydrolysis of volcanic material during late
eodiagenesis. It generally precedes laumontite formation and typically
occurs as a pore-filling or grain-rimming phase (Fig. 6e). Heulandite
primarily forms in shallow burial environments and often exhibits a
reddish-brown colour due to minor Fe content. It is characterised by a
high Si/Al ratio, well-developed intercrystalline pores, and a progressive
decrease in abundance with increasing burial depth. At later stages,
heulandite can transform into laumontite.

Authigenic albite primarily forms from the transformation of
plagioclase and typically forms slightly earlier than intergranular lau-
montite. It commonly occurs as a replacement product or as intergran-
ular cement (Fig. 6f, g), with pore-filling albite showing well-developed
crystal forms. In sandstones and conglomerates with low plagioclase
content, albite may also form through the transformation of analcime
derived from volcanic material alteration, predominantly appearing as a
replacement product and forming later than laumontite.

Calcite and laumontite compete for Ca2* in pore fluids, and their
concentrations exhibit a negative correlation (Bai et al., 2009). When
laumontite content exceeds 5 % by volume, calcite content typically falls
below 5 % by volume (Qing et al., 2020; Fu et al., 2022; He et al., 2023;
Tan et al., 2024). Thus, calcite typically forms following the dissolution
of laumontite, through the reaction of Ca?*—released from laumonti-
te—with COz(aq) produced during organic matter maturation. It is
commonly found as intergranular cement filling dissolution pores or
replacing other mineral grains (Fig. 6h, i). This type of calcite often
contains elevated concentrations of FeO and MnO (Hong et al., 2022; Zhi
et al., 2022). Carbon isotope data indicate a genetic link between calcite
and the decarboxylation of organic matter (Fu et al., 2022; Zhou et al.,
2023; Zhang et al., 2024).

Authigenic chlorite, quartz, and albite are widely distributed and
may coexist with laumontite in a variety of geological settings. However,
heulandite is more restricted in occurrence and absent where volcanic
material is lacking. It is restricted to areas with exceptionally high
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volcanic input, such as the Permian of the Junggar Basin. Although
calcite is widely distributed, no calcite has been observed within lau-
montite dissolution pores in the Wenchang Formation of the Pearl River
Mouth Basin. This may be attributed to a relatively open diagenetic
environment, where Ca®" released from laumontite dissolution was
promptly transported away by formation fluids. As a result, Ca>" and
CO3%~ in the pore fluid may not have reached saturation conditions
necessary for calcite precipitation.

4. Chemical composition of laumontite

Laumontite typically contains 49-51 wt% SiOg, 21-22 wt% AlOs,
and approximately 10-12 wt% CaO (Sun and Cao, 1991). In this study, a
total of 234 EPMA measurements of laumontite from sedimentary rocks
across various regions of China were statistically examined. The average
chemical composition of laumontite was found to be as follows: SiOa:
52.01-53.59 wt%; Aly03: 19.97-22.02 wt%; CaO: 8.67-11.41 wt%,;
NaO: 0.11-2.86 wt%; K20: 0.10-0.73 wt%; FeO: 0.04-0.34 wt%; and
MgO: 0.01-0.38 wt%. There is no significant variation in the chemical
composition of laumontite across different occurrences and regions
(Fig. 7), and it generally resembles that of standard laumontite. An
exception is observed in the lower Yanchang Formation in the south-
western Ordos Basin, where the average NayO content is higher (2.36 wt
%) and the average CaO content is lower (8.67 wt%). This is attributed
to the high concentrations of Na in the formation water.

The average Si/Al ratio of laumontite typically ranges from 2.01 to
2.20 and shows no significant correlation with its occurrence. A higher
ratio (2.35) is observed only in the upper Yanchang Formation in the
northeastern Ordos Basin. To explore this relationship, we conducted a
statistical analysis of plagioclase and volcanic material contents, as well
as volcanic material types, in laumontite-bearing sandstones from
various regions (Table 4). The results show that the upper Yanchang
Formation in the northeastern Ordos Basin contains a high proportion of
plagioclase (20-40 %) but a very low content of volcanic material (<4
%). Additionally, the Si/Al ratio of laumontite tends to increase with
decreasing burial depth (Zhou et al., 2023). This may be attributed to the
incomplete transformation of plagioclase in shallow layers, resulting in
elevated Si content and relatively lower Al content in the newly formed
laumontite.
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Fig. 7. Major element content of laumontite. The data are from (Helmold and Van, 1984; Vavra, 1989; Bai et al., 2009; Zhou, 2019; Fu et al., 2010; Wang et al.,
2018; Hong et al., 2022; Yan, 2019; Zhi et al., 2022; Zhou et al., 2023; Li, 2019; He et al., 2023; Qing et al., 2020; Jin et al., 2023; Ma et al., 2023).
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Table 4
Si/Al ratio of laumontite in lacustrine basins in China and other typical basins in the world.
Locality Stratigraphy ~ Rock Types Content/ Plagioclase/ Volcanic material/ Si0,, wt% Al,O3, wt% Si/Al Number of
% % % samples
Huizhou Sag of Pearl .
River Mouth Basin,  Eaw Arkose 1-24 <10 50(Tuff, Granite 47.35-5426 20.75-2345 191-213 14
China 6 fragment) 52.01 22.02 2.01
North Songliao Basin, Lithic arkose/ (zl(r)l_tz:)mediate—
1 Song > KygandK;d  Feldspathic 1-28 25-40 o . 52.76* 20.71% 2.20% /
China . . ) acidic volcanic
litharenite
fragment)
Ce]:]‘;iil::iem Region Feldspathic (fli?mediate—
t eg Tas litharenite, 1-17 20-35 tte ' 4972 -56.39  20.35-2227 205-224 g
of Sichuan Basin, L 3 acidic volcanic 52.96 21.06 214
X Lithic arkose : . .
China fragment)
Southwestern Region - .
of Ordos Basin, Ty'2 Arkose/Lithic 2-20 20-40 7-13(Volcanic 51.66 —53.83 2158 -23.00 1.96-210 14
China arkose 3 fragment) 52.54 22.05 2.03
Northestern Region of 34 Arkose/Lithic 3-28 <4(Volcanic 4898 — 5898 16.98 —22.45 2.08 —2.93
. . Ty 20-40 . : : . . : 13
Ordos Basin, China arkose 4 fragment) 5511 19.97 2.35
Fukang Sag of Junggar >80(Tuff clast,
g Sag of Junggar Arkose 2-15 <10 andesite fragment, ~ 48995499 19412282 216-226 o4
Basin, China 7 tuf) 53.59 20.69 2.20
Zhsoﬁlszzl Sl;pl;fft and >80(Andesite
g. Pyj Arkose 3-36 <10 fragment, tuff clast, 48.94 — 54 18.99 —22.36 1.92 -2.23 48
Junggar Basin, 9 52.17 21.22 2.09
. tuff)
China
Western Region of >80(Tulff clast,
Junggar Basin, Pyaw Arkose 2-16 <5 andesite fragment, 52.25 — 55.08 2012 —21.42 1.94 —2.29 102
China 4 tuff) 52.52 21.18 211
Santa Ynez Mountains, o Arkose 1-15 20-40 <9(Volcanic 51.29 - 53.57 2147 -2207 198-212
America fragment) 52.43 21.62 2.06
Central tTr,a“samarC“c T Ark o 2630 20-30(Rhyolite and 50625203  2125-2167 199-208
mountains, riose < B andesite fragment) 51.25 21.44 2.03
Antarctica

in — Max

M
The references are the same as those given in Table 1. *The data from Yang et al., 1991. Main element content and Si/Al: av

5. Laumontite genesis

Previous studies on laumontite formation have explored a range of
genetic mechanisms, including: (1) albitisation of plagioclase; (2)
replacement of early-formed zeolites; (3) transformation of volcanic
material; (4) reaction between calcite and kaolinite; and (5) hydro-
thermal alteration (Noh and Boles, 1993; Iijima, 2001). However, in the
sedimentary rocks of China, laumontite formation predominantly occurs
through the first three mechanisms, all of which involve zeolite gener-
ation under progressively increasing temperature conditions.

5.1. Albitisation of plagioclase

5.1.1. Formation mechanism

Laumontite can be considered a product of plagioclase albitisation,
due to its similar elemental composition and structural framework.
Under alkaline pore water conditions, the smaller ionic radius of Na*
allows it to replace Ca%* in plagioclase, gradually leading to albite for-
mation. The released Ca?* provides the necessary basis for laumontite
precipitation. The reaction can be simplified as:

2CaA1251203 + 2Na+ + 4H20 + 65102

= CaAl,Si;012-4H,0 + 2NaAlSi;Og + Ca* (€))

In this case, plagioclase is idealised as pure anorthite for calculation
purposes, although in most sedimentary environments, plagioclase
contains a certain amount of Na. Some researchers suggest that the
presence of exogenous Na™ in pore fluids is not a necessary condition for
albitisation. This reaction can be represented by the following equation:

(Huang et al., 2016)

10

X(NaAlSlgog)y(CaA1251208) + 2_}'5102 + 4yH20

= yCaAlzsi4012‘4H20 + xNaAlSi308 (x +y= 1) (2)

Albitisation of plagioclase is often accompanied by the partial
dissolution of plagioclase clasts, which provides a timely supply of SiO5
and Na* for the reaction (Yang et al., 2003). This process also helps
explain the genetic relationship among kaolinite, albite, and laumontite
(Kaiser, 1984; Huang et al., 2001). Albitisation can occur during various
diagenetic stages and provides a material basis for laumontite formation
(Lander and Bonnell, 2010). A typical feature is the replacement of
plagioclase by laumontite (Fig. 8a), with both laumontite and albite, as
replacement products, inheriting the chemical composition of the orig-
inal plagioclase (Fig. 8b, ¢) (Chen et al., 2024).

5.1.2. Comparison with other basins worldwide

Albitisation of plagioclase can occur across a variety of lithologies,
including volcanic rocks, volcaniclastic rocks, sandstones and con-
glomerates. In contrast, laumontite found in the Triassic strata of the
Ordos Basin (China), the Paleogene of the Santa Ynez Mountains (USA)
and the Rosebank Field (Europe), and the Neogene formations of the San
Joaquin Valley (USA), represents a classic non-volcanogenic type
formed exclusively through plagioclase albitisation (Kaley and Hanson,
1955; Helmold and Van, 1984; Seetre et al., 2018). These representative
regions share two key characteristics: (1) low volcanic material content
in the host rocks, and (2) well-sorted, well-rounded detrital grains.
These features result in high initial porosity, providing favourable space
for both plagioclase alteration and subsequent laumontite precipitation.
The formation of laumontite can span multiple diagenetic stages.
Notably, Helmold and Van (1984) demonstrated, through their study of
laumontite in Paleogene turbidites of the Santa Ynez Mountains, that the
migration of Na*—released during clay mineral transformation in
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Point-1 (Plagioclase after alteration)

{1 = Point-II (Laumontite)

Fig. 8. Formation pathways of laumontite in sedimentary rocks from continental lacustrine basins in China: (a-c) derived from albitization of plagioclase, (d-f)
directly transformed from volcanic material, and (g-i) formed through alteration of early zeolites. (a) Well D11, about 1600-2400 m, Tay1 in Shanbei region Ordos
Basin. (b-c) The newly formed laumontite and albite have an inherited relationship with the chemical composition of the original plagioclase. Well JQ8, 2693.41 m,
Jos in central region of Sichuan Basin. (d) Well JQ16, 2746.59 m, Jos in central region of Sichuan Basin. (e) Well HZ-26-B, 3791 m, Esw in Huizhou sag of Pearl River

Mouth Basin. (f) Well M607, 40,103.5 m, Pow in Mahu region of Junggar Basin. (g) Well MZ7, 4463.7 m,

P,ow in Mahu region of Junggar Basin. (h) Well M217,

4009.4 m, P,w in Mahu region of Junggar Basin. (i) Well YB4, 3915 m, P,w in Mahu region of Junggar Basin. PI: plagioclase; Lmt: laumontite; Vm: volcanic material;

Hul: heulandite; Vmdp: volcanic material dissolution pore; Lmt I: first phase of laumontite; Lmt II: second
et al., 2024; Jin et al., 2023; Yan, 2019; Li et al., 2022).
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mudstones—into adjacent sandstones plays a key role in accelerating
plagioclase albitisation. Iijima (2001) also suggested that additional
sources of Ca and Na are required for laumontite formation during
plagioclase albitisation, based discrepancies between laumontite con-
tent and the chemical composition of plagioclase in the Los Angeles
Basin.

5.2. Volcanic material transformation

Intergranular volcanic ash and volcanic fragments contain abundant
volcanic glass, which is structurally disordered and composed of loosely
connected SiO4 tetrahedra with large intermolecular cavities. During
hydration and alteration, elements can easily migrate into the pore
water and participate in the formation of new minerals (Zhu et al.,
2019). This process is recognised as one of the fastest low-temperature
diagenetic reactions (Fisher and Schmincke, 1984). Zeolites and clay
minerals are the most common alteration products of volcanic glass
(Hong et al., 2017). With the continuous hydration of volcanic glass, the
pH of the pore fluid gradually increases, accompanied by the enrichment
of alkali metal ions and activated SiO, (Zhu et al., 2012). Under these
conditions, laumontite can directly replace volcanic glass or precipitate
from intergranular pore fluids (Fig. 8d-f). The dissolution rate of vol-
canic glass increases with rising salinity and alkalinity (Hay, 1966).

Previous studies have suggested that acidic volcanic fragments are
generally less favourable for the formation of laumontite (Guo et al.,
2022). However, this study found—through statistical analysis—that
significant amounts of laumontite also developed in sandstones domi-
nated by intermediate to acidic volcanic fragments, such as in the
Shaximiao Formation of the Sichuan Basin, the Permian of the Junggar
Basin, and the Cretaceous of the Songliao Basin (Table 4). In the Triassic
strata of the Central Transantarctic Mountains (Antarctica), volcanic
materials associated with laumontite are primarily composed of rhyo-
litic and andesitic clasts. In Japan, researchers conducted a statistical
analysis on the relationship between volcanic rock types and laumontite
occurrence, and found that laumontite can form in basic, intermediate,
and acidic volcanic rocks (Iijima, 1988). Globally, laumontite formed
through direct conversion of volcanic material exhibited consistent
formation conditions and characteristics.

5.3. Early zeolite transformation

As previously mentioned, the alteration of volcanic material can
directly provide the source for laumontite formation. Alternatively,
laumontite can also form through the transformation of early-formed
heulandite and related minerals. This transformation occurs under
alkaline conditions rich in Ca%*, and can be represented by the following
reaction:

CaAl,Si;015-6H,0 = CaAl,Sis012-4H,0 + 3Si0, + 2H,0 3)

This process primarily takes place during early mesodiagenesis.

5.3.1. Eodiagenesis

Under low-temperature conditions, volcanic glass initially alters to
montmorillonite, cristobalite, and high-hydration zeolites such as cli-
noptilolite and mordenite. With increasing temperature, pH, and
salinity, cristobalite transforms into quartz, while montmorillonite
transitions into mixed-layer clay minerals and progressively evolves
toward chlorite and illite. Simultaneously, montmorillonite and cristo-
balite gradually convert to analcime and heulandite, accompanied by
the precipitation of K-feldspar (Fig. 9).

5.3.2. Mesodiagenesis

With the initiation of mesodiagenesis, heulandite gradually trans-
forms into laumontite, accompanied by a decreasing Si/Al ratio (Iijima,
2001). Under sustained alkaline conditions, laumontite ultimately alters
to prehnite, while analcime is replaced by albite (Fig. 9). The
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Fig. 10. Schematic diagram showing vertical zonation of zeolites and related
authigenic minerals (modified from Iijima, 2001).

transformation of clay minerals can provide a material basis for lau-
montite formation (Fisher and Schmincke, 1984). During this stage,
early-formed laumontite may undergo dissolution followed by repreci-
pitation in response to changes in fluid composition. Microscopically,
the replacement of heulandite by laumontite is a common phenomenon
(Fig. 8g, h), along with localised occurrences of two generations of
laumontite jointly filling the pores (Fig. 8i).

5.3.3. Comparison with other basins worldwide

Laumontite generated by the transformation of early-formed zeolites
is also widely distributed in volcanically enriched regions. These include
the Junggar Basin (China), the islands of Hokkaido, Kyushu, and Honshu
(Japan), southern California (USA), the Hejre Field (Denmark), the
Pechora Coal Basin, and the southwestern Transbaikal region (Russia)
(Utada, 1965; Hay and Sheppard, 2001; Iijima, 2001; Koporulin, 2013;
Li, 2019; Weibel et al., 2019). The transformation from heulandite to
laumontite exhibits similar characteristics across these regions. Zeolite
mineral assemblages resulting from the alteration of volcanic material
display vertical zonation—a phenomenon extensively investigated by
researchers during the last century (Yoshimura, 1961; Utada, 1965;
Nakajima and Tanaka, 1967). lijima (2001) systematically proposed
four diagenetic zones: Zone I (fresh glass without zeolite), Zone II (cli-
noptilolite and mordenite), Zone III (analcime), and Zone IV (albite)
(Fig. 10). Although the depth ranges of zeolite development often
overlap, the vertical assemblages of zeolite minerals vary regionally. For
example, in the Niigata oil field of Japan, analcime is absent from the
zeolite assemblage (Iijima, 2001). Both the North Tejon oil field (Cali-
fornia, USA) and Junggar Basin (China) lack clinoptilolite and mor-
denite (Noh and Boles, 1993; Li, 2019). These differences are likely
related to variations in volcanic protolith composition and the distinct
evolutionary stages of zeolite mineralisation.

5.4. Other genetic pathways

In the 20th century, some researchers proposed that calcite and
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Fig. 11. The formation and evolution model of laumontite in the continental lacustrine sedimentary rocks of China.

kaolinite could react under specific conditions to form laumontite,
following the reaction:
(Zen, 1961; Zhang, 1992).

CaCO0s + Al,Si;05(OH), + 28i0; 4 2H,0 = CaAl,Sis 015-4H;0 + CO,
C))

However, this reaction mechanism has received little attention in the
21st century, primarily due to its high temperature requirement
(>150 °C) (Huang et al., 2001) and the absence of direct, conclusive
evidence supporting its occurrence.

Hydrothermal laumontite is rarely observed in sedimentary rocks
across China but is well-documented in regions such as Japan and
southern California, USA (Vincent and Ehlig, 1988; Iijima, 2001). Hy-
drothermal laumontite in sedimentary rocks is primarily distributed
along fault zones and exhibits three characteristic modes of occurrence:
fracture filling, intergranular cement, and replacement product. Its
abundance generally decreases with increasing distance from the
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fractures. Early-stage hydrothermal laumontite initially fills pores and
fractures, but subsequent tectonic activity may rupture the pre-existing
laumontite veins. Additionally, well-crystallised laumontite formed
through low-temperature hydrothermal processes has been reported at
Sespe Hot Springs, California (Mcculloh et al., 1981). This variety
typically occurs on rock surfaces or within fractures and is not associated
with other zeolite minerals. Hydrothermal fluxes produced mineral
phases that may contribut to the destruction of a potentially good
reservoir by intense diagenesis (Caracciolo et al., 2014).

5.5. Formation and evolution model of laumontite
Three models describing the formation and evolution of laumontite

in lacustrine sedimentary rocks of China have been summarised
(Fig. 11). These correspond to:
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1) (LA) sandstone and conglomerate rich in tuff clasts from the upper
Wuerhe Formation in the Junggar Basin;

2) (LB) sandstone rich in intergranular volcanic ash from the Wenchang
Formation in the Pearl River Mouth Basin;

3) (LC) sandstone rich in plagioclase from the Yanchang Formation in
the Ordos Basin.

Model LA Junggar Basin: Intense volcanic activity during the early
Permian resulted in the accumulation of abundant volcanic material
within fan-delta sandstones and conglomerates of the Junggar Basin. By
the time of the upper Wuerhe Formation deposition, volcanic activity
had gradually declined, leading to a reduction in volcanic ash content
between grains. However, the rock framework remained dominated by
volcanic fragments, characterised by poor sorting and subangular to
angular grain shapes. During early eodiagenesis, the hydrolysis of vol-
canic material released abundant alkaline ions and activated SiO-,
promoting the formation of clay mineral coatings, early hydrated zeo-
lites, and quartz overgrowths. During late eodiagenesis, volcanic mate-
rial continued to undergo hydrolysis, and clinoptilolite gradually
transformed into heulandite with increasing temperature and pH.
Throughout this process, the alteration of volcanic material could also
directly supply the material required for laumontite formation. During
mesodiagenesis, heulandite progressively transformed into laumontite.
With increasing thermal maturity of organic matter, acidic fluids—such
as organic acids—dissolved laumontite, feldspar, and volcanic material,
resulting in the formation of secondary pores. Subsequently, the
enrichment of alkaline ions elevated the pH of the pore fluids, leading to
gradual saturation and precipitation of calcite and kaolinite, which later
filled the secondary dissolution pores.

In this model, laumontite primarily occurs as patchy cement and as a
replacement of volcanic fragments.

Model LB Pearl River Mouth Basin: Similarly influenced by multi-
phase volcanic activity, the sandstone of the Wenchang Formation in
the Pearl River Mouth Basin contains a substantial amount of inter-
granular volcanic ash. Unlike other regions, the clastic components in
this area are dominated by granite fragments, quartz, and feldspar, with
only a low content of extrusive volcanic fragments. During early
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eodiagenesis, increasing burial depth led to the compaction and gradual
hydrolysis of intergranular volcanic ash, resulting in the formation of
minor clay mineral coatings. During late eodiagenesis, continued hy-
drolysis of volcanic material directly supplied the material required for
laumontite formation, without evidence of other zeolites development.
Mesodiagenesis was marked by intensified hydrolysis of volcanic ma-
terial, resulting in the formation of numerous intergranular solution
pores within volcanic ash. Simultaneously, acidic fluids entered and
dissoluted the local laumontite, creating secondary pores. In this model,
laumontite is primarily formed by replacing intergranular volcanic ash.

Model LC Ordos Basin: Although the Yanchang Formation experi-
enced relatively intense volcanic activity, the deltaic sandstones exhibit
high compositional maturity due to long-distance transport. Volcanic
material content is low (<10 %), and clastic particles are predominantly
quartz and feldspar. During early eodiagenesis, alteration of biotite and
the migration of ions from adjacent mudstone layers led to the formation
of chlorite coatings and a minor amount of quartz overgrowth in the
sandstone. The albitisation of plagioclase progressed slowly at this stage.
During late eodiagenesis, Laumontite rapidly precipitated between
grains, occupying primary pores and replacing plagioclase. During
mesodiagenesis, diagenetic reactions were similar to those in the LA
model: a substantial amount of laumontite was dissolved by acidic
fluids, after which calcite and illite precipitated and partially filled the
resulting dissolution pores. In this model, laumontite primarily occurred
in the form of continuous cement and replacement product of
plagioclase.

6. Control factors of laumontite formation

Compared with analcime, laumontite exhibits a more restricted
distribution in sedimentary rocks of continental lacustrine basins in
China, reflecting its more stringent formation conditions (Zhu et al.,
2020). The development of laumontite is controlled by multiple factors,
including the sedimentary environment, lithology, temperature and
pressure conditions, pore fluid chemistry, pH, and partial pressure of
C02 (pCOz).

avorable area

favorable area

«® ° OC O o —eo
‘ Q ‘ ‘ Ll L ’ e ° o. o0 o. Te2q
Tuff fragment  Quartz ~ Laumontite Plagioclasc Conglomerate Sandstone  Siltstone ~ Mudstone  Elements

Fig. 12. Favourable sand body conditions for laumontite formation.
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Table 5
Formation temperatures of laumontite in non-marine petroliferous basins in China and other typical globe basins.
Locality Stratigraphy ~ Depositional Depth/m Occurrence  Genesis  Forming Associated References
environment temperature authigenic phases
Huizhou Sag of Pearl 60-80 °C(D)
River Mouth Basin, Esw Fan Delta 3000-4200 CPR VZ ’ Quartz, Clay Ma et al. (2023)
. 90-110 °C(ID)
China
North Region of Songliao 4k 4 Fan Delta 2000-3200 PR AV 110-143 °C Albite, Quartz, Wang et al. (2004)
Basin, China Calcite, Clay
Central Region of 60-70 °C(D), Albite, Quartz, Qing et al. (2020),
Sichuan Basin, China Jas Delta 1500-3300  CPR AVZ 70-100 °C(ID) Calcite, Clay Chen et al. (2024)
Western Region of Albite, Quartz,
—. — .2 ° “hen et al. (202
Sichuan Basin, China Jos Delta 900-3000 PR AV 92-103.2 °C Calcite, Clay Chen et al. (2024)
Northestern Region of 3 . . 65-85 °C(D), Albite, Quartz, Fu et al. (2010),
Ordos Basin, China Tay Braided River Delta 1000-2000 CPR AV 105-120 °C(ID) Calcite, Clay Yang et al. (2002)
Southwester'n Regl.on of T&yl’z Braided River Delta 1500-2500 R A 60-80 °C Alblt.e, Quartz, Unpublished data
Ordos Basin, China Calcite, Clay source
Mahu Sag of Junggar 50-65 °C(D), Heulandite, Albite,
| 538 of Jungg Pow Fan Delta 3200-5000  CPFR vz 75-105 °C(ID, Quartz, Calcite, Yan (2019)
Basin, China
>110 °C(II) Clay
Heulandite, Albite
Shawan Sag of Junggar 60-70 °C(D), ’ ’
— Zhang et al. (202
Basin, China Pow Fan Delta 5000-7000 CPR VZ 110-120 *C(ID) Quartz, Calcite, hang et al. (2024)
Clay
. . Heulandite, Albite,
Zhongguai Uplift of Pj Fan Delta 3000-5500  CPR vz 68-85°C Quartz, Calcite, Li (2019)
Junggar Basin, China
Clay
. Heulandite, Albite, . S
Hokkaido, Honshu and — 'p 4 Marine 2800-4500 PR vz >140 °C Quartz, Calcite, Aoyagi and Kazama
Kyushu islands, Japan (1980)
Clay
. Lo Heulandite, Albite,
Santa Y.nez Mountains, E Turl?ldltes, Shallf)w 2500-6000 PFR vz <110-173 °C Quartz, Calcite, Helmold and van,
America Marine and Fluvial Clay (1984)
Central Coast Ranges east Heulandite, Albite, Murata and
of San Francisco Bay, N Turbidites, Marine Outcrop CPF A >100 °C Quartz, Calcite, e )
A Whiteley (1973)
America Clay
North Tejon oil fields, . . <92 °C(Early), Heulandite, Albite, Noh and Boles
N Turb: M 2! —. P AVZ
America urbidites, Marine 500-3500 CPR \¢ >94 °C(Late) Quartz, Clay (1993)

The formation temperatures of laumontite in China were directly obtained from fluid inclusion measurements, while data from other areas were derived from strata
temperature. C: continuous cement. P: patchy cement. F: fracture filling. R: replacement product. A. albitization of plagioclase. V. transformation of volcanic material.

Z. transformation of early zeolite.

6.1. Sedimentary environment and rock types

In the sedimentary rocks of China, laumontite is commonly devel-
oped in the delta front of slightly saline lacustrine basins. Vertically
stacked, multi-phase underwater distributary channels—characterised
by strong hydrodynamic conditions, high compositional maturity, and
good connectivity—are favourable for the efficient seepage and circu-
lation of formation water (Hu et al., 2018; Fu et al., 2022; Wang et al.,
2022a). This environment facilitates the effective seepage and exchange
of formation water. In addition, the slightly saline sedimentary water is
enriched in Ca, Na, and K, and the timely replenishment of these ele-
ments provides favourable conditions for the stable formation of lau-
montite (Fig. 12). In contrast, due to poor seepage conditions and
inefficient ion exchange, mouth bars and isolated subaqueous distribu-
tary channel sand bodies are generally unfavourable for the formation of
laumontite. Laumontite has also been found to develop in marine sedi-
mentary environments worldwide, including coastal sands and turbidite
fan sand bodies (Table 5).

Laumontite formation is primarily associated with two types of
rocks:

1) Sandstones rich in volcanic material. Volcanic components typically
contain abundant minerals that are unstable at low temperatures;
their continuous hydrolysis releases abundant Ca®*, K*, Na*, and
Mg2*, which are favourable for laumontite formation.

2) Sandstones rich in plagioclase, which can transform into laumontite
under appropriate conditions due to the chemical and structural
similarities.
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6.2. Temperature and pressure

Thermodynamic calculations indicate that laumontite can form at
temperatures above 36 °C under typical geological conditions (Huang
et al., 2001). The minimum formation temperature decreases progres-
sively with increasing pressure. Notably, temperature plays a signifi-
cantly more dominant role than pressure in controlling the formation of
laumontite (Satre et al., 2018). The focus of this research is on discus-
sing the impact of temperature. Fluid inclusion data of laumontite were
collected and analysed from major basins in China, as well as from
representative basins worldwide. It is worth noting that most studies on
laumontite in Japan and the United States were conducted several de-
cades ago, when analytical techniques were relatively limited. As a
result, the formation temperatures of laumontite in these regions were
often inferred from vitrinite reflectance (Ro) or the formation temper-
atures of associated minerals, which introduces a certain degree of
uncertainty.

The analysis indicates that the formation temperature of laumontite
is correlated with its occurrence, genesis, and timing of formation. For
instance:

e Laumontite with continuous cementation typically forms earlier and
at lower temperatures (60-80 °C)

e Patchy cementation develops slightly later at higher temperatures
(>90 °C)

e No clear relationship has been identified between formation tem-
perature and laumontite occurring as fracture filling or as a
replacement product (Table 5)

Noh and Boles (1993) studied laumontite in volcaniclastic rocks from
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the North Tejon oil fields and proposed that early-stage laumontite was
transformed from heulandite at temperatures below 92 °C, while late-
stage laumontite was associated with albitisation of plagioclase and
formed at temperatures above 94 °C. Based on the integration of
extensive data from China from the past two decades and comparison
with global patterns of laumontite genesis, we propose the following:

e Laumontite formed through the albitisation of plagioclase or direct
alteration of volcanic material can develop across a broad tempera-
ture range (60-140 °C)

e In contrast, laumontite derived from earlier zeolites such as heu-
landite tends to form at relatively higher temperatures, typically
exceeding 90 °C (Iijima, 2001; Weibel et al., 2019)

Based on occurrence characteristics and fluid inclusion data, lau-
montite in major Chinese basins generally exhibits multi-stage forma-
tion characteristics. Early-formed laumontite may undergo two types of
transformation during subsequent burial processes: it can either convert
to prehnite under elevated temperatures or dissolve under the influence
of acidic fluids.

6.3. Fluid chemical composition

The enrichment of Ca®™, AI**, and SiO, in pore fluids promotes the
formation of laumontite, which is primarily composed of these compo-
nents. Ca®>* and SiO, can be supplied locally through the alteration of
volcanic material, clay minerals, and plagioclase, or transported from
more distant sources via fluid migration. In contrast, AI** is unlikely to
be mobilised over long distances due to its low solubility, and therefore
requires a local source (Hays and Boles, 1992).In addition, the presence
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of Na* lowers the equilibrium temperature of laumontite-forming re-
actions, thereby facilitating its formation (lijima, 2001; Qi, 2013; Yang,
2014).

Chipera and Apps (2001) conducted thermodynamic simulations of
zeolite equilibrium conditions in volcaniclastic rocks at varying tem-
peratures. At the lowest temperature (25 °C), the stability diagrams
resemble those calculated for diagenetically altered volcanic tuffs,
whereas laumontite precipitation is thermodynamically unfavourable at
this condition. Laumontite becomes stable in the more calcic fields of the
phase diagram shown in Fig. 13. As temperature increases, the stability
fields of laumontite, phillipsite, and wairakite progressively expand
concurrent with contraction of other mineral domains, while the
inhibitory effect of K on laumontite stability gradually diminishes.

Seetre et al. (2018) explored the transformation of plagioclase to
laumontite and suggested that the silica activity in formation waters
must be close to or exceed quartz saturation in order to maintain lau-
montite stability. Fig. 14 illustrates the decreasing stability field for
laumontite with temperature. Correspondingly, the minimum Ca?*
concentration required for laumontite saturation and precipitation de-
creases, while the minimum SiO, concentration increases. When the H*
concentration rises, laumontite may dissolve and be replaced by other
minerals such as kaolinite.

6.4. pH and pCO,

A high pH and low pCO; are prerequisite conditions for the forma-
tion and continued stability of laumontite. When pH exceeds 9, the
solubility of laumontite decreases, making it more likely to reach satu-
ration and precipitate (Iijima, 2001; Bai et al., 2009). When pH de-
creases, laumontite becomes unstable and gradually dissolves, while the
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Fig. 14. Stability relationships among minerals at 25, 80, 120 and 140 °C (modified from Setre et al., 2018). Dotted line shows silica saturation at quartz

equilibrium.

diagenetic environment becomes more favourable for the precipitation
of clay minerals (Tian et al., 2008). Due to the competitive relationship
between laumontite and calcite for binding Ca?*, high pCO, conditions
promote the preferential precipitation of calcite from pore fluids,
thereby immobilising Ca*t (Helmold and Van, 1984; Huang et al.,
2016). This, in turn, further inhibits the formation of laumontite.

7. Impact on hydrocarbon reservoir rocks

Early-stage laumontite precipitation occupies primary pores, leading
to a reduction in reservoir porosity. Nevertheless, laumontite is highly
sensitive to acidic fluids and can be readily dissolved, resulting in the
formation of secondary pores—an important type of reservoir space in
sandstones (Zhu et al., 2014b). The development of secondary pore
zones associated with laumontite provides a foundation for the forma-
tion of high-yield oil and gas reservoirs (Wang et al., 2004). The
following subsections focus on the effects of laumontite formation and
dissolution on reservoir porosity, the selective dissolution of silicate
minerals by acidic fluids, and the capacity of laumontite to adsorb
natural gas.

7.1. Effect on primary pores

During eodiagenesis, laumontite produced as continuous and patchy
cement, infilling the intergranular primary pores. Its replacement of
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plagioclase increases the solid volume by approximately 40 % (Savage
et al., 1993). This not only significantly enhances the reservoir's resis-
tance to compaction, making the loose rocks more stable, but also pro-
vides a material basis for the formation of later dissolution pores and the
development of structural fractures. Additionally, some primary pores
are preserved as intercrystalline pores within laumontite (Fig. 15a, b). In
areas with limited dissolution, these intercrystalline pores play an
important role in enhancing reservoir quality (Zhou et al., 2023).

7.2. Effect on secondary pores

As previously noted, laumontite is highly sensitive to the diagenetic
environment and strongly influenced by acidic fluids. Laumontite with
well-developed cleavage tends to dissolve rapidly along cleavage planes,
whereas cleavage-poor laumontite dissolves progressively from the
exterior inward. Under the influence of carbonic acid, laumontite can
transform into kaolinite, calcite, and quartz according to the following
reaction:

CaAIZSi4012~4HzO + C02 = CaC03 + AleizOz (OH)4 + 25102 + 2H20
(5)

The pCO; required for this reaction increases progressively with
rising temperature (Fig. 16a).

Under the influence of organic acids, laumontite can transform into
kaolinite and quartz:



H. Tong et al. Earth-Science Reviews 269 (2025) 105197

Fig. 15. Influence of laumontite-related intercrystalline pores (a-b) and dissolution pores (c-f) on hydrocarbon reservoir. (a) Well JL31, 3150.76 m, P;j in Mahu
region of Junggar Basin. (b) Well JL31, 3149.41 m, P,j in Mahu region of Junggar Basin. (c) Well B420, 2426.9 m, Tsy” in Longdong region Ordos Basin. (d) Well L87,
1866.9 m, T5y' in Longdong region Ordos Basin. (e) Well JL42, 2916 m, Psw in Zhongguai uplift of Junggar Basin. (f) Well B420, 2426.9 m, Tzy? in Longdong region
Ordos Basin. Lmt: laumontite; Lip: laumontite intercrystalline pore; Ldp: laumontite dissolved pore. a-b: from (Guo et al., 2022). e: from (Hong et al., 2022).
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Fig. 16. Equilibrium states of laumontite dissolution reactions at 5 MPa under varying concentrations of (a) carbonic acid and (b) organic acids at different tem-
peratures (modified from Qi, 2013).

CaAl,Si;01,-4H,0 +2H" = Al,Si;0,(0H), + 25i0, + 3H,0 + Ca**
poIT 281202(OH), 2 o0 © CaAl,Si4015-4H,0 + 6H' + CO, = CaCOs + 4Si0, + 7H,0 + 2A1°"  (8)

The required H" concentration increases progressively with rising
temperature (Fig. 16b), while higher Ca?* concentrations exert a pro-
nounced inhibitory effect on this reaction. In a K-rich environment,
laumontite dissolution by organic acids can lead to the formation of illite

The net solid volume changes for each reaction are: reaction (5) re-
sults in a solid volume reduction of approximately 28-30 %, reaction (6)
by 10-12 %, and reaction (7) by about 33 % (Frost et al., 1982).

Thermodynamic calculations indicate that reaction (7) is most likely
to occur spontaneously under burial conditions (Zhang et al., 2011). The

d tz: . - .
and quartz above calculations are based on solid-phase transformations under
3CaAl,Si4012-4H,0 + 4H' 4+ 2 K+ = 2KAl3Si30,9(0H), + 3Ca%"t closed-system conditions. In an open diagenetic environment, the
+6Si0, + 12H,0 @) dissolution products will be expelled with the fluids, resulting in a
higher density of secondary pores (Fig. 15c-f). Consequently, reservoir
The presence of K significantly enhances both the kinetics and porosity and permeability will experience a more significant increase

overall rate of laumontite dissolution (Fig. 16b). Following the disso- (Yuan, 2015).

lutizon of laumontite by organic acids, released Ca*>" may react with Extensive petrophysical data from Chinese laumontite-bearing
CO37, leading to the precipitation of calcite (Helmold and van, 1984): sandstone reservoirs reveal that when laumontite content is below 10
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Fig. 17. Cross-plots of total porosity with laumontite content by volume. The data are from (Cai, 2016; Yan, 2021; Chen et al., 2024; Tan et al., 2024).

%, porosity exhibits considerable variability due to factors such as
dissolution intensity, burial depth, and content of other cements.
However, when laumontite content exceeds 10 %, reservoir porosity
typically falls below 12 % (Fig. 17). This trend correlates well with
observations by Bloch and Helmold (1995) in laumontite-bearing
sandstones from the San Joaquin Basin, southern California, where
they reported >10 % laumontite content corresponds with thin-section
porosity <6 % (helium porosity <11 %). Notably, no strong correlation
was observed between reservoir permeability and laumontite content.

Based on the preceding analysis, three principal factors govern the
quality of laumontite-bearing reservoir rocks:

1) Depositional environment and lithology.
2) Acidic fluids derived from thermal degradation of kerogen.
3) Fluid migration pathways.

Studies from parts of North America indicate that laumontite formed
during the late stage of diagenesis, or not subjected to acidic fluid
alteration, shows a strong negative correlation with reservoir quality
(Galloway, 1979; Crossey et al., 1984). These findings are consistent
with Coffman's study in the Los Angeles Basin, which demonstrated that
acidic fluid migration into shallow sandstones plays a critical role in
early-stage laumontite dissolution (Iijima, 2001).

7.3. Selective dissolution under acidic conditions

Due to the high stability of clay minerals and the common precipi-
tation of calcite following laumontite dissolution, this section focuses on
the differential dissolution behaviour of organic acids on several typical
silicate minerals (heulandite, laumontite, and feldspar). Heulandite and
laumontite both belong to the zeolite group and share similar charac-
teristics. However, heulandite has a higher Si/Al ratio and lower acid
resistance, making it more susceptible to acidic dissolution. As a result,
heulandite typically dissolves earlier than laumontite. The dissolution
reactions of anorthite, albite, K-feldspar, and laumontite by organic
acids can be represented by the following equations, respectively:

e CaAl,SisOg + 2H' + H50 = Al,Si05(0OH)4 + Ca%*t 9

e 2NaAl3SisOg + 2H" + Hy0 = Al5Si,0O5(0H)4 + 4Si0O5 + 2Na* (10)

e 2KAISi3Og + 2H' + Hy0 = Al»SisO5(0OH)4 + 4Si05 + 2 K™ (11)

e CaAl,SisO12-4H50 + 2H' = Al5Sis05(0H)4 + 2SiO5 + 3H0 + Ca2+
(12)

Under standard conditions (25 °C, 1 bar), the equilibrium constants
for the reactions are as follows:
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InK (9) = 4.54 x 1072, InK (10) = 3.39 x 102, InK (11)
=1.99 x1072,InK (12) = 3.13 x 1072,

Based on these values, the relative sequence of mineral dissolution
under identical temperature and H' conditions is: anorthite > albite >
laumontite > K-feldspar (Qi, 2013). However, during the diagenetic
process, laumontite is often dissolved by organic acids earlier than
feldspars (Fig. 15c¢, d), as observed in the Yanchang Formation of the
Ordos Basin and the Shaximiao Formation of the Sichuan Basin. This
phenomenon may be attributed to the following factors:

1) By the time organic acids migrate into the reservoir rocks, most
anorthite has already been altered to albite.

2) Although the equilibrium constants for the dissolution of albite and
laumontite to kaolinite under acidic (H") conditions are similar,
laumontite is more prone to dissolution due to its well-developed
cleavage and larger crystal cavity volume.

When the scale and aggressiveness of acidic fluids exceed a certain
threshold, the dissolution process becomes non-selective among these
minerals.

7.4. Adsorption of natural gas

The unique connectivity of tetrahedra in laumontite results in the
formation of numerous cavities and channels within its crystal structure.
These voids are typically occupied by H20 molecules. As temperature
increases, laumontite gradually loses these H,O molecules without dis-
rupting its original crystal framework, creating cavities with a high
specific surface area and strong physical adsorption capacity. Molecules
with diameters smaller than the channel size can enter these cavities and
be adsorbed.

Methane molecules (CH,4) have a diameter of approximately 3.8 A,
while the pore size of laumontite crystal ranges from 4.0 to 5.6 A (Yang,
2014). This near-perfect fit allows CHy4 to be effectively confined within
the crystal cavities. The uniform adsorption forces exerted by the sur-
rounding pore walls create a superimposed potential field that strongly
retains methane once it enters. Additionally, the cavities within the
laumontite framework host exchangeable cations, while some frame-
work oxygen atoms bear negative charges, giving rise to a strong local
electrostatic field around the cations. The resulting electrostatic forces
enhance the capacity of laumontite to adsorb methane molecules. In the
Shaximiao Formation of the Sichuan Tianfu Gas Field, the development
of laumontite has positively contributed to natural gas enrichment and
accumulation.
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8. Conclusion

1) The crystal habit of laumontite evolves from long prismatic to short
prismatic with increasing temperature, and its aggregates commonly
appear as columnar, fibrous, or radiating forms. In sedimentary
rocks, laumontite occurs as continuous or patchy cement, fracture
filling, and replacement product, with cementation and replacement
being the most prevalent modes. Continuous cement forms prior to
intense rock compaction, whereas patchy cement forms at a rela-
tively later stage. Other occurrences of laumontite show no clear
correlation with formation time.

Laumontite mainly forms during late eodiagenesis and early meso-
diagenesis, whereas its dissolution primarily occurs in the early
mesodiagenetic stage. During eodiagenesis, minerals such as I/S,
chlorite, quartz, albite (derived from plagioclase), and heulandite
commonly form. During mesodiagenesis, calcite, quartz, illite,
kaolinite, albite (derived from plagioclase or analcime) and heu-
landite are typically present.

Laumontite is a Ca-rich zeolite mineral with the chemical formula Ca
[Al5Si4012]-4H20. Its Si/Al ratio typically ranges from 2.00 to 2.20
showing no significant correlation with temperature or formation
conditions. In sedimentary rocks of China, laumontite primarily
forms through three genetic processes: plagioclase albitisation,
alteration of volcanic material, and transformation of early-formed
zeolites. Laumontite associated with volcanic alteration is the most
widely distributed type in sedimentary basins across China. Under
persistently alkaline conditions, laumontite may gradually transform
into prehnite. In contrast, in diagenetic environments characterised
by alternating alkaline-acidic-alkaline conditions, the multi-stage
formation of laumontite is interrupted, and calcite precipitation is
favoured instead.

Vertically stacked deltaic subaqueous distributary channel
sands—composed of sandstones or conglomerates enriched in vol-
canic material or plagioclase—are favourable for laumontite for-
mation under burial diagenetic conditions characterised by high pH,
low pCO,, and Ca?* enrichment. Additionally, the presence of Na™
can further promote the precipitation of laumontite. In China's
sedimentary continental lacustrine basins, laumontite typically
forms at temperatures ranging from 60 °C to 140 °C. When derived
from the transformation of heulandite, laumontite generally forms at
temperatures above 90 °C.

Early-formed laumontite fills primary pores, reducing reservoir
quality but providing a material basis for subsequent dissolution.
Under comparable conditions, the reaction in which laumontite is
dissolved by organic acids and converted to illite and quartz in K*-
rich environments is the most thermodynamically favourable,
resulting in the greatest reduction in solid volume during mineral
transformation. Due to the combined influence of cleavage, crystal
structure, and the equilibrium constants of dissolution reactions,
laumontite is more readily dissolved by organic acids than K-feldspar
and albite. The sedimentary environment, acidic fluids, and fluid
migration pathways synergistically control the reservoir quality of
laumontite-bearing sandstones. In addition, the well-developed
channels and cavities within laumontite crystals facilitate the
adsorption and storage of methane molecules.
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