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Abstract Authigenic grain-coating chlorite is widely dis-

tributed in the clastic rocks of many sedimentary basins

around the world. These iron minerals were mainly derived

from flocculent precipitates formed when rivers flow into

the ocean, especially in deltaic environments with high

hydrodynamic conditions. At the same time, sandstone

sequences with grain-coating chlorites also tend to have

relatively high glauconite and pyrite content. EPMA

composition analysis shows that glauconites with ‘‘high Al

and low Fe’’ content indicate slightly to semi-saline marine

environments with weak alkaline and weakly reducing

conditions. By analyzing the chlorite-containing sandstone

bodies of the southern Sichuan Xujiahe Formation, this

study found that chlorite was mainly distributed in sedi-

mentary microfacies, including underwater distributary

channels, distributary channels, shallow lake sandstone

dams, and mouth bars. Chlorite had a tendency to form in

the upper parts of sandstone bodies with signs of increased

base level, representing the influence of marine (lacustrine)

transgression. This is believed to be influenced by mega-

monsoons in the Middle and Upper Yangtze Region during

the Late Triassic Epoch. During periods of abundant pre-

cipitation, river discharges increased and more Fe partic-

ulates flowed into the ocean (lake). In the meantime,

increases or decreases in lake level were only affected by

precipitation for short periods of time. The sedimentary

environment shifted from weakly oxidizing to weak alka-

line, weakly reducing conditions as sea level increased, and

Fe-rich minerals as authigenic chlorite and glauconite

began to form and deposit.

Keywords Sichuan Basin � Xujiahe Formation � Grain-
coating chlorite � Glauconite � Pyrite

1 Introduction

Grain-coating chlorite, also known as pore-lining chlorite,

is widely distributed in many sedimentary basins around

the world. Studies have been performed on many sedi-

mentary formations such as the Upper Triassic Yanchang

Formation in the Ordos Basin (Zhang et al. 2011; Ding

et al. 2013; Zhang et al. 2013; Zhu et al. 2015), the Upper

Jurassic in the Songliao Basin (Zeng 1996), Xujiahe For-

mation in the Sichuan Basin (Liu et al. 2009; Huang et al.

2010; Zou et al. 2013), Middle Jurassic Shaximiao For-

mation in the Sichuan Basin (Lü et al. 2015), Jurassic

Sangonghe Formation in the Junggar Basin (Xi et al. 2015),

Upper Cretaceous in the Santos Basin, Brazil (Bahlis and

Luiz 2013), and the Lower Vicksburg Formation in

Southern Texas (Grigsby 2001). However, the clastic

sequences which developed grain-coating chlorite in these

sedimentary basins have varying characteristics. For

example, the Yanchang Formation in the Ordos Basin was

deposited in a continental sedimentary environment, the

Upper Jurassic of the Songliao Basin is from a marine

sedimentary environment, and the Xujiahe Formation in

the Sichuan Basin is in a hybrid marine–continental sedi-

mentary environment. However, all of these sandstones

were deposited in high salinity environments. Huang et al.
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(2004) also thought chlorite formed in slightly saline water

or semi-saline marine environments and characterized by

successive ocean fluids.

Many studies performed on grain-coating chlorite

mainly focus on the genetic mechanism of chlorite and its

effects on reservoir porosity preservation. Bloch et al.

(2002), Huang et al. (2004), and Zhu et al. (2004) thought

grain-coating chlorite was beneficial to reservoir porosity

preservation. Grain-coating chlorite which formed during

the early diagenetic stage could enhance compaction

resistance and inhibit quartz overgrowth cementation.

Quartz overgrowths are considered one of the key factors

responsible for reservoir densification (Zhu et al. 2009; Gu

et al. 2014). However, Liu et al. (1998) believed primary

porosity was reduced because of grain-coating chlorite

which would block pore throats and reduce permeability.

As for the study of chlorite (mainly referring to chlorite

which precipitates from pore waters and forms early in

diagenesis), study of the genetic mechanism got relatively

consistent results. Grain-coating chlorite formation was

thought to be mainly controlled by sedimentary facies and

formed in high hydrodynamic conditions and weak alkaline

environments with abundant Fe and Al sources (Huang

et al. 2004). Sandstone sequences with well-developed

chlorite were found in sedimentary facies conditions

described above, including underwater distributary chan-

nels and distributary channels (Ehrenberg 1993; Pen et al.

2009; Okwese et al. 2012; Sun et al. 2014). However, there

is no clear answer to why authigenic grain-coating chlorite

tends to form in such conditions. Is there any connection

between chlorite and the sedimentary environment condi-

tions? What factors control the distribution and develop-

ment of chlorite besides the sedimentary facies? Solving

these problems would not only enhance the scientific

understanding of authigenic grain-coating chlorite, but also

provide data to search for sandstone sequences containing

authigenic grain-coating chlorite.

Authigenic chlorite is widely distributed in Xujiahe

Formation sandstones. Chlorite can be found in the main

reservoir intervals (Xu 2 Member, Xu 4 Member, Xu 6

Member). The majority of authigenic chlorite in the Xuji-

ahe sandstones is found as grain coatings. This study

examines samples from the Upper Triassic Xujiahe For-

mation sandstones taken from the southern Sichuan Basin.

The study analyzes the occurrence and microcharacteristics

of grain-coating chlorite through thin section, SEM, and

EPMA analysis. The study also examines the characteris-

tics of paragenetic minerals (glauconite, pyrite) and the

vertical distribution patterns of authigenic chlorite in var-

ious sandstone bodies to study the formation environment,

genetic mechanism, and other factors which affected the

distribution of authigenic grain-coating chlorite.

2 Geological setting

Petroleum and gas exploration in the southern Sichuan

Basin began in the 1950s, but the Upper Triassic Xujiahe

Formation had not been widely explored until recently. In

recent years, exploration of Danfengchang and Guanyin-

chang (which had seven industrial gas wells drilled by the

end of 2013 with a cumulative gas production of

1.63 9 108 m3) had discovered a batch of commercial gas

reservoirs (Zhu et al. 2014; Zhang et al. 2014). These

discoveries show the Xujiahe Formation has excellent

hydrocarbon potential.

The southern Sichuan Basin can be divided into the

western, central, southwestern, and southeastern Sichuan

low and steep structural areas (Lin et al. 2015). The Upper

Triassic was the key period for Sichuan Basin sedimentary

development, where the basin experienced transformation

from a marine to a continental sedimentary environment

(Lin et al. 2006) as marine facies to transitional facies to

continental facies. The sedimentary systems of the Xujiahe

Formation include alluvial fans, marine (lacustrine) deltas,

and lacustrine environments. The Xujiahe Formation strata

are divided into six members. The Xu 2 Member (T3x
2),

Xu 4 Member (T3x
4), and Xu 6 Member (T3x

6) are the

main reservoir intervals in the study area, and their

lithology consists primarily of fine-medium sandstone. The

lithology of the Xu 1 Member (T3x
1), Xu 3 Member (T3x

3),

and Xu 5 Member (T3x
5) is mainly black shale and mud-

stone with gray silt stone and sandstone. T3x
1 and T3x

2 are

absent in the center and south of the basin (Fig. 1).

3 Characteristics of grain-coating chlorite

3.1 Occurrences and formation time

Chlorite is a complicated, layered aluminosilicate mineral

that is composed primarily of Fe, Mg, Si, and Al. The

chemical formula is as follows:

ðR2þ;R3þÞ5�6½ Si;Alð Þ4O10� OHð Þ8
R2þ ¼ Mg; Fe;Mn;Ni

R3þ ¼ Al; Fe;Cr;Mn

Chlorite group minerals have a stratified structure, con-

sisting of alternating interlayers of talc and brucite. The

majority of chlorites are monoclinic, though there are some

triclinic polymorphs. Chlorite crystals mainly form either

hexagonal sheets or tabular patterns, though a few are

barrel shaped. The cross section of chlorite is either

hexagonal or irregular flake shaped, while the longitudinal

section of chlorite crystals is rectangular (Chang 2006).
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Thin section and SEM analysis found that almost all

authigenic chlorite grew around the grains (Fig. 2). Chlo-

rite growth could clearly be observed on grain surfaces as

scaly sheets in SEM images (Fig. 2e, f).

Authigenic chlorite in Xujiahe Formation sandstones

has the following characteristics: (1) Because chlorite had

already developed between grain contacts, it can be con-

cluded authigenic chlorite formed on grain surfaces before

mechanical compaction; (2) authigenic chlorite growths

were found on the surface of quartz overgrowths and silica

cement which filled in intergranular pores, indicating that

authigenic chlorite may have formed after silica cementa-

tion; (3) chlorite was not found in intergranular dissolved

pores or mouldpores, while chlorite has been found on the

surface of feldspar grains with dissolved pores, suggesting

authigenic chlorite formed before dissolution. These char-

acteristics indicate authigenic chlorite growth in the Xuji-

ahe Formation occurred in multiple phases. The first stage

took place during syngenesis–early diagenesis A stage.

Authigenic chlorite had already coated the grains before

clastic grain contacts developed. This is also the formation

stage of most authigenic chlorite in the study area. The

second stage took place after silica cementation but before

dissolution. Authigenic chlorite growths could be seen on

the surface of silica cement, but chlorite was not found in

intragranular dissolved pores. This suggests authigenic

chlorite at this stage formed before aluminosilicate

minerals were dissolved by organic acids. According to

‘‘China’s Dividing Standard for Diagenetic Stage of Clastic

Rocks (SY/T5477-2003),’’ the second stage of chlorite

growth occurred around the end of early diagenesis A stage

to the beginning of middle diagenesis A stage.

3.2 Source material

The formation process of authigenic chlorite in clastic

rocks is still widely debated. Some researchers believe

authigenic chlorite transformed from Fe-rich grain coating

(Grigsby 2001; Lanson et al. 2002). Billault et al. (2003)

thought authigenic chlorite precipitated from pore water.

Clay minerals which transform into chlorite leave honey-

comb-like structures which were not found in Xujiahe

Formation sandstones. Most authigenic chlorite rims have

nearly equal thicknesses, and most grain-coating chlorite

formed during syngenesis–early diagenesis A stage. These

characteristics suggest authigenic chlorite in the Xujiahe

Formation sandstones mainly precipitated from pore waters

and coat other grains.

Sandstones from the Xu 2 and Xu 4 Formation Members

with grain-coating chlorite were selected for EPMA test-

ing. The analyses were performed in the State Key Labo-

ratory of Oil and Gas Reservoir Geology and Exploitation,

Chengdu University of Technology (Table 1). Xujiahe

Formation chlorite is mainly composed of FeO, SiO2,

Hechuan 
1 well

Chuanfeng 
188 well

Yin 23 well

Dongfeng
2 well Mo 58 well

Huobaqiao, Xuyong

Yongle, Gulin

Daguanzhen,Nanxi

Laifu, Yibin

Southwestern Sichuan low and slow
 structural area

Southeastern Sichuan 
low and steep

 structural area

Central Sichuan low and flat
 structural area

S
ou

th
ea

st
er

n 
S

ic
hu

an
 h

ig
h 

an
d 

st
ee

p

 s
tr

uc
tu

ra
l a

re
a

Western Sichuan
 low and steep 
structural area

0 50 km

Mo 76 well

Bao 36 well

Weidong
2 well

Nv 107 well

Wa 6 well

Well

Section

Basin 
boundary

Structure 
partition

Dongfeng
5 well

Baoqian 206 well

Baoqian 207 well

Fig. 1 Geological setting of study area, including well locations, basin boundaries, and structure delineations

Pet. Sci. (2016) 13:657–668 659

123



Al2O3, and other oxides. Fe is the most important chemical

component of authigenic chlorite.

Previous studies showed that iron ions in clastic rock

chlorite were mainly derived from alteration of iron-rich

debris (Billault et al. 2003; Bloch S et al. 2002). As rivers

flow into the ocean, ferruginous components formed floc-

culent precipitates and become a source of chlorite

(Grigsby 2001) and filled mudstones with iron and mag-

nesium ion-rich fluids (Hilier et al. 1996). After thin sec-

tion analysis, study area debris was identified mainly as

sedimentary and metamorphic rock debris, with minor

amounts of iron-rich volcanic rock debris. Therefore, the

study rules out the theory that Fe was derived from the

alteration of iron-rich debris. The Xu 1, Xu 3, and Xu 5

Members of the Sichuan Basin are composed primarily of

mudstone and argillaceous siltstone. During periods of sea

(lake) expansion, iron ion could be provided for reservoirs

such as the Xu 2 and Xu 4 Members. Authigenic grain-

coating chlorite formed during these periods of rising base

level. As mudstones were filled with iron- and magnesium-

rich fluids, magnesium ions reacted with iron-rich grain

coatings to form grain-coating chlorite. In conclusion, the

iron content of grain-coating chlorite in mudstone did not

precipitate from pore water.

The relative content of authigenic chlorite in different

sedimentary microfacies was determined from thin section

analysis, and the results are shown in Fig. 3. Authigenic

chlorite distribution was controlled by the sedimentary

environment and mainly developed in underwater dis-

tributary channels, distributary channel, shallow lake

sandstone dam, mouth bar facies, etc. The first three

environments belong to delta sedimentary facies, and

mouth bars belong to shore-shallow lake sedimentary

facies. However, evidence of suspended boulder-sized

particles was found in the fluvial environments, which

require highly hydrodynamic conditions.

Therefore, this study proposes that the iron component

of authigenic chlorite was mainly derived from flocculent

precipitates formed when rivers flow into the ocean. The

difference between electrolyte composition and the col-

loidal properties of river water and sea water (lake water)

(a) (b) (c)

(d) (e) (f)

200 μm 100 μm 100 μm

200 μm

P

Q

QO

Chl

Q

Chl Fesp

Chl

Q
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P

Fig. 2 Microphotographs of sandstone with grain-coating chlorite of the Xujiahe Formation in the southern Sichuan Basin. Figure descriptions

including well numbers and formation are listed as follows: a authigenic chlorite coating grain, Lu 107 well, Xu 2 Member, PPL. b Authigenic

chlorite growth on silica cement in top right corner, Hechuan 1 well, Xu 2 Member, PPL. c Authigenic chlorite growth on silica cement, Hechuan

1 well, Xu 2 Member, PPL. d Authigenic chlorite growth on feldspar surface with dissolved pores in grains, Bao 36 well, Xu 4 Member, PPL.

e Scaly sheet chlorite sticking to the surfaces of quartz grains, Dongfeng 2 well, Xu 4 Member. f Zoom in e, Dongfeng 2 well, Xu 4 Member.

Major minerals are abbreviated as Q quartz, QO quartz overgrowth, Chl chlorite, P pore, Fesp feldspar

Table 1 Primary mineral components of authigenic grain-coating

chlorite in Xujiahe Formation sandstones (910-2)

Age FeO Al2O3 MgO SiO2 K2O CaO

Xu 2 Member 50.35 10.91 0.85 27.99 1.39 0.54

Xu 4 Member 52.56 8.20 1.61 35.46 1.14 0.729
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resulted in flocculation and the formation of iron-rich

precipitates (Huang et al. 2004; Ehrenberg 1993; Yao et al.

2011). Gould et al. (2010) indicated primary grain-coating

chlorite was formed by ferruginous flocculent precipitates

above the sulfate-reduction zone. The formation of primary

grain-coating chlorite is similar to the formation process of

oolitic lime, which requires highly hydrodynamic condi-

tions and for grains to constantly adsorb flocculent pre-

cipitates from the water (Yao et al. 2011). Therefore, grain-

coating chlorites are most likely to form in highly hydro-

dynamic environments, such as underwater distributary

channel sandstone bodies.

3.3 Paragenetic mineral characteristics

Based on thin section analysis, this study finds that sand-

stone sequences with grain-coating chlorite tend to have

relatively well-developed glauconite and pyrite. Pyrite is

mostly granular with an intergranular or zonal distribution

(Fig. 4a–c). Semi-saline water and iron-rich conditions are

favorable for pyrite formation, and the appearance of pyrite

in the study section indicates a reducing environment.

Glauconite is a sedimentary mineral with the molecular

formula: K1-x{(Al,Fe)2[Al1-xSi3?xO10](OH)2}. Glau-

conite is thought to be an indicator mineral of marine

sedimentary environments, especially transgressive facies,

and formed in warm shallow oceans with abundant organic

matter over long periods of time (Chang 2006). Glauconite

in the Xujiahe Formation sandstones mostly appears

emerald and light green under the microscope, brighter

than chlorite, with irregular clumps and a granular

appearance (Fig. 4d–f). Glauconite tends to have a soft,

gel-like texture after deposition, which makes it easy for

the intrusion of other grains and the formation of irregular

shapes.

The glauconite was analyzed by EPMA (Table 2). The

main chemical components included FeO, SiO2 and Al2O3

and were comparable to the composition of modern glau-

conite (Chen 1994). Glauconite in Xujiahe Formation

sandstones tends to exhibit characteristics of ‘‘high Al, low

Fe, and high K content’’. Potassium (K) content is the key

indicator of glauconite maturity. Primary glauconite is

indicated when K2O content is less than 4 %, K2O between

4 % and 6 % indicates low maturity glauconite, K2O

between 6 % and 8 % indicates moderately mature glau-

conite, while K2O values greater than 8 % indicate highly

mature glauconite (Odin and Matter 1981). Previous stud-

ies show that Fe content in glauconite would be replaced by

Al during diagenesis. At the same time, K would be

absorbed from pore waters which results in an increase of

Al2O3 and K2O, while FeO content decreases. Marine

sedimentary glauconite exhibits ‘‘high Al, low Fe’’ (Chen

1994). In conclusion, the Xujiahe Formation glauconites

exhibit marine sedimentary glauconite characteristics.

3.4 Relationship of grain-coating chlorite

and reservoir porosity

Based on identification of cast thin sections, the study

found that the Xujiahe Formation reservoir space is com-

posed of primary intergranular pores, solution pores, and

microfractures. Analysis of the relationship between

authigenic grain-coating chlorite content and surface

porosity, primary intergranular pore porosity, solution

porosity, and sample porosity (Fig. 5) shows that the cor-

relation between chlorite content to surface porosity and

sample porosity is very poor, while the correlation with

primary intergranular porosity is positive, and the corre-

lation with solution porosity is negative.

The results of this study indicate authigenic grain-

coating chlorite has a good positive correlation with pri-

mary intergranular porosity, a conclusion shared with the

studies by Sun et al. (2012, 2014) and Xiang et al. (2016).

Many researchers thought grain-coating chlorite was
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beneficial to reservoir porosity preservation, especially for

primary intergranular pores. However, some researchers

believed good-quality reservoirs develop as a result of

good primary intergranular porosity, and the existence of

grain-coating chlorite is only indicative of primary inter-

granular porosity (Xiang et al. 2016). Based on the corre-

lation of chlorite content with surface porosity and sample

porosity in this study, it was concluded that the develop-

ment of chlorite did not play a positive role in the reservoir

porosity preservation and it may have influenced dissolu-

tion, to a certain extent. This may be attributed to two

reasons: (1) As primary intergranular porosity increased

with chlorite content, acidic fluids flowed into the reser-

voir, and the increased pore space diluted the acidic fluids,

reducing the effects of dissolution; (2) it is rare to find

authigenic chlorite grains in areas which have not under-

gone dissolution; therefore, the increased chlorite content

may cause a reduction in solution porosity. Further study is

needed to discover the effects of authigenic grain-coating

chlorite on reservoir porosity preservation. However, the

effects of chlorite development on sandstone reservoir

properties are not disputed.

4 Characteristics of sand bodies with grain-
coating chlorite

Sand bodies with authigenic grain-coating chlorite in the

study area may be divided into four types of sedimentary

microfacies: underwater distributary channels, distributary

channel, shallow lake sandstone dams, and mouth bars.

4.1 Sandstone dam in shallow lake

Figure 6 shows the characteristics of a sandstone dam in

the shallow lake environment of the Hechuan 1 well in the

Xu 2 Member in the study area. Tabular cross-bedding is

developed at the bottom of the sand body, and there are

500 μm 200 μm 200 μm

100 μm 50 μm 100 μm

Py Py Py

Gla

Chl

Gla

Gla

Chl

(a) (b) (c)

(d) (e) (f)

Fig. 4 Characteristics of pyrite and glauconite in Xujiahe Formation sandstones. a Black granular pyrite with zonal distribution, Weidong 2

well, Xu 2 Member, PPL. b Black granular pyrite, Weidong 2 well, Xu 2 Member, PPL. c Reflected light thin section of image b. d Irregular,

granular glauconite with grain-coating chlorite on the surface, Weidong 2 well, Xu 2 Member, PPL. e Irregular granular glauconite, Mo 76 well,

Xu 2 Member, PPL. f Granular glauconite, grain-coating chlorite developed on the grain surface, Weidong 2 well, Xu 2 Member, PPL. Py Pyrite,

Gla glauconite, Chl chlorite

Table 2 Main chemical

components of glauconite in

Xujiahe Formation sandstones

(910-2)

Components Na2O SiO2 FeO CaO Al2O3 MnO K2O MgO

Study area 0.06 49.68 12.5 0.23 18.68 0.02 7.9 3.37

Moderna 0.43 44.20 25.07 2.43 5.08 0.07 3.28 5.84

a Data are cited from Chen (1994)
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boulder-sized grains in contact with the lower shale. The

development of upward progradation in the sand body can

be considered as the result of the rising base-level cycle.

Thin section analysis shows that grain-coating chlorite was

poorly developed at the bottom of sand bodies with poor

sorting (Fig. 6a). Higher muddy matrix content also results

in poor porosity. However, muddy matrix content is lower

in the upper sand bodies as shown in Fig. 6b, c. The upper

sand bodies also have well-developed grain-coating chlo-

rite with good porosity. The upper sand bodies also have

intergranular pores conducive to the formation of good

reservoirs.

4.2 Distributary channel

Figure 7 shows a sand body which developed in a dis-

tributary channel and swamp with a burial depth of

2100–2200 m in the Bao 36 well and the Xu 4 Member.

The sand body is divided into two base-level rising cycles

because there are two gravel horizons at 2200 and 2155 m.

Two sandstone horizons dominated by cementation of

authigenic chlorite developed at depths of 2120 and

2155 m. The upper horizon with developed chlorite also

contains high amounts of silica cement which filled in

intergranular pores (Fig. 7a, b). As a result, the porosity of

the lower horizon is higher than that of the upper horizon.

The high content of silica cement in the upper horizon is

related to the upper covered mudstone or shale, as during

diagenesis, montmorillonite would be converted into illite

and release large amounts of SiO2. Fluids containing SiO2

move to the lower layers and cause the precipitation of

silica cements in intergranular pores.

4.3 Underwater distributary channel

The sand body shown in Fig. 8 is buried at a depth ranging

from 2050 to 2080 m in the Xu 4 Member in the Bao 36

well. The sedimentary facies of the sand body include dis-

tributary channels and swamp, underwater distributary

channels, and peat flats. Grain-coating chlorite in the sand

body mainly developed in underwater distributary channels.

4.4 Mouth bar

Figure 9 shows a lithologic log of the Xu 2 Member in the

Weidong 2 well from 2140 to 2157 m. The sedimentary

microfacies were divided into underwater distributary

channel, mouth bar, and peat flat. Grain-coating chlorite
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Pet. Sci. (2016) 13:657–668 663

123



mainly developed in the upper part of the mouth bar sand

body. Primary porosity rarely formed due to strong com-

paction, although considerable secondary porosity formed

due to dissolution (Fig. 10).

Based on the four types of chlorite-containing sand

microfacies, grain-coating chlorite was found almost

exclusively in the upper part of sandstone bodies, which

indicates rising sea level. Base level is an abstract surface
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that is equivalent to continuous, wave-like movement on

the earth’s surface with a slight declination to the basin. Its

location, direction of motion, and change in elevation vary

with time (Deng et al. 2000). For simplicity, base level is

usually equivalent to sea (lake) level. An increase in base

level is indicative of marine (lacustrine) transgression.

5 Formation model of grain-coating chlorite
in the Xujiahe Formation

The evidence shown above indicates that grain-coating

chlorite formed in high hydrodynamic, weak alkaline,

weakly reducing, and iron-rich conditions. By analyzing

authigenic grain-coating chlorite horizons, the study found

that while chlorite mainly formed at the base of the sand

bodies, it experienced a large increase in content, espe-

cially in the upper part of the sandstone bodies. What

causes it?

Previous studies show that the Sichuan Basin shifted

from a marine to a continental sedimentary environment.

Because of the influence by the An’xian movement in the

Xu 4, the ancient Longmen Mountain thrust belt was

uplifted and transformed the Sichuan Basin into a terres-

trial sedimentary environment (Lin et al. 2006). Although
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the Sichuan Basin was already in a continental sedimentary

environment during Xu 4 deposition, the lake water was

still slightly saline to semi-saline as the basin was just cut

off from the Paleo-Tethys sea. Because of the inherited

properties of ocean water, the Xu 4 lake water had semi-

saline characteristics and could be distinguished from Xu 2

sea water in terms of salinity, pH, and other characteristics.

Grain-coating chlorite, glauconite, and pyrite are all

iron-rich and can form authigenically. Based on findings of

this study, Fe was thought to be derived from the flocculent

precipitates formed when rivers flowed into the ocean. The

sand bodies of the Xujiahe Formation typically indicate

increasing base level and generally contain gravel. The

bottom layers usually include river rejuvenation surfaces or

river erosion surfaces and generally contain gravel which

overlaps with the lower black mudstone or shale, indicating

when base level started to increase. Decreasing base level

exposes previously deposited sediments to the surface. The

influx of fresh water from rivers would reduce pH and

salinity, where the environment could not reach the con-

ditions for the deposition of grain-coating chlorite or

glauconite. As base level rose, the pH and salinity of sea

(lake) water began to rise and the sedimentary environment

shifted from weakly oxidizing to weakly reducing. When

the pH became weakly alkaline, the sedimentary environ-

ment became weakly reducing. Pyrite began to deposit,

while chlorite and glauconite were deposited as grain

coating and crystal grains, respectively (Fig. 11b).

However, grain-coating chlorite is rarely observed in

study area sand bodies which developed during periods of

decreasing base level. The shift in base level may be

related to megamonsoons during the Carnian-Raleigh of

Late Triassic Epoch (Shi et al. 2010) in the Middle and

Upper Yangtze regions of the Sichuan Basin. The monsoon

climate resulted in uneven rainfall distribution and seasonal

humidity. During periods of increased rainfall, river

Low High

Change of 
relative sea level
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b

c Land river
Basin
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Grain PyriteGlauconite Quartz
overgrowth
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Fig. 11 Formation model of grain-coating chlorite
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discharges increased and more Fe particulates were

deposited. Water was relatively more saturated in Fe, and

Fe-rich minerals such as chlorite became easier to deposit.

The rising base level resulted in the formation of additional

sand body cycles because of increased river discharges.

During the even longer seasonal dry periods, river flow

decreased and less Fe particulates were deposited. This

resulted in less grain-coating chlorite and the sand bodies

formed reflected decreased base level. This model assumes

lake level would only be affected by rainfall while ignoring

the influence of tectonic activity.

Based on this chlorite formation model, authigenic

chlorite-containing sandstones can be identified with

greater certainty. During periods of high water level, areas

which once deposited authigenic chlorite began to deposit

siltstone due to rising base level. When the values of pH

and oxidation–reduction potential (ORP) reached the con-

ditions necessary for authigenic chlorite deposition in

shallow water environments, grain-coating chlorite began

to deposit in sand bodies.

6 Conclusions

Authigenic chlorite growth in the southern Sichuan Basin

Xujiahe Formation was found to have occurred in mul-

tiple phases and mostly formed during syngenesis–early

diagenesis A stage based on thin section and SEM anal-

ysis of grain-coating chlorite. Ferruginous minerals were

derived from flocculent precipitates which formed as

rivers flowed into the ocean, and chlorite formed in weak

alkaline, weakly reducing environments with high

hydrodynamic conditions. The sedimentary microfacies

could be divided into underwater distributary channel,

distributary channel, shallow lake sandstone dam, mouth

bar, etc., based on analysis of authigenic chlorite-con-

taining sandstone bodies from the southern Sichuan

Xujiahe Formation. Chlorite had a tendency to form in the

upper part of sandstone bodies, indicating increased base

level. The increase in base level may result from lacus-

trine transgression related to Late Triassic megamonsoons

in the Middle and Upper Yangtze Region. During periods

of abundant precipitation, river discharges increased and

more Fe particulates were brought to the lake. Base level

would increase or decrease over short periods in response

to precipitation. As the sedimentary environment shifted

from weakly oxidizing to weak alkaline, weakly reducing

because of increased base level, Fe-rich minerals such as

authigenic chlorite and glauconite started to form and

deposit.
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