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Abstract The clay mineralogy of the clay intervals interbedded with siliceous

mudstones across the Permian–Triassic boundary (PTB) in Pengda, Guiyang,

Guizhou province, was investigated by X-ray diffraction (XRD) and high-

resolution transmission electron microscopy (HRTEM). The clay mineral assem-

blages of the sediments are mainly I/S clays and minor smectite, kaolinite, and illite

as revealed by XRD analyses. The peak-shaped parameters BB1 and BB2 of I/S

clays of the representative clay bed PL-01 are 4.7� and 4.4�, respectively, and the

peak position of the low-angle diffraction is at 6.5� 2θ (13.6 Å´ ), suggesting that the
I/S clays have a IS type of ordering. However, multi-order diffractions and their

intensities are different from those of completely ordered 1:1 mixed-layer I/S clay

rectorite, indicating that I/S clays of the Pengda section have partially ordered IS

structures. HRTEM observations show that most of the I/S clays exhibit a IS

stacking ordering. However, in some areas within a IS particle, smectite layer is

observed in doublets, triplets, and quartets, which are interstratified by various

amounts of illite layers, suggesting the presence of other irregular stacking in

addition to the major 1:1 IS-ordered stacking. Transformation of smectite layer

into illite layers is also observed in the I/S clays, suggesting that the Pengda I/S

clays are derived from smectite illitization, in good agreement with the clay mineral

assemblage. The I/S clays of the Pengda section contain up to 45–95 % smectite

layer, the notably higher contents of smectite layer relative to those of other PTB

stratigraphic sets in south China can be attributed to the difference in alteration and

smectite illitization processes due to different sedimentary environments.
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1 Introduction

The Permian–Triassic boundary (PTB) mass extinction is considered as the most

serious biotic crisis in the history of life, in which both marine and terrestrial biota

suffered near annihilation [1, 2]. The causes for this biotic crisis are still debated

[3]. However, the pronounced and worldwide negative carbon isotope excursion at

the PTB is indicative of a strong disruption in carbon reservoirs [2, 4], related to

prominent volcanic events of the Siberian Traps [3, 5, 6]. In the PTB stratigraphic

set in south China, there occur several clay intervals with a thickness of mainly 2–

20 cm interbedded within carbonate sediments that encompass mass extinction.

These intervals were recognized as products of alteration of volcanic ashes based on

the associated heavy minerals and clay mineral composition. Previous studies on

the PTB clay intervals were focused mainly on mineral composition, clay morphol-

ogy, and their provenance [7–11]. The identification of clay minerals from XRD

measurement suggests that mixed-layer I/S clays dominantly comprise the clay

sediments, but the stacking structures of the mixed-layer I/S clays are still not well

known [11–14], making it difficult to reveal the formation of clays in the sediments

due to alteration and transformation between clay minerals during diagenesis.

XRD measurement provides usually the information on average layer stacking

of mixed-layer I/S clays within crystallites based on Markovian statistics, while

HRTEM analysis gives structural information on layer stacking in local regions

within a crystallite. For investigation of the transformation mechanisms of I/S clays

during diagenesis, HRTEM methods have been utilized to determine the structures

of mixed-layer I/S minerals [15–17]. The clay beds within the PTB stratigraphic set

in south China provide an opportunity to study the formation of mixed-layer I/S

minerals resulted from the alteration of volcanic ashes under submarine environ-

ment. However, only rare HRTEM study was undertaken to investigate their

transformation mechanisms. In this study, we investigated the one-dimensional

structure images of mixed-layer I/S minerals using HRTEM analysis in combina-

tion with XRD analyses to obtain a better understanding of clay mineralogical

characteristics and formation mechanisms of I/S minerals from the alteration of

volcanic ashes under submarine environment.

2 Materials and Methods

2.1 Sample Preparation

The Pengda section (26.37�N, 106.59�E) is located at Dangwu town, Guiyang city,

Guizhou province, southeastern China. A general map of the study area around

Guiyang is shown in Fig. 1. In the PTB stratigraphic set, there are eight clay layers

each with a thickness of 3–12 cm interbedded with siliceous mudstones, based on

their distinctive color, texture, and composition. The siliceous mudstones are
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considered as neritic deposits according to the occurrence of Radiolaria fossils

[18]. Representative clay samples, weighing around 500 g, were collected from

each of the eight interbedded clay layers across the PT boundary according to their

distinctive color, texture, and composition.

2.2 XRD Analysis

Bulk clay samples were air dried and then crushed and ground to powder with a

pestle and mortar, and the clay–mineral fraction was obtained by the sedimentation

method as described by Jackson [19]. Oriented clay samples were prepared by

carefully pipetting the clay suspension on a glass slide and were air dried at ambient

temperature. Ethylene glycol saturated clays were prepared by vapor treatment

method. The oriented clay samples were placed on the shelf of a desiccator with

about 1 cm depth of ethylene glycol in the base, which was then placed in an oven

and saturated at 65 �C for about 4 h. The XRD patterns were recorded from 3� to
65� 2θ at a scan rate of 4� 2θ/min using a Rigaku D/MAX-IIIA diffractometer, with

Fig. 1 A generalized map showing the location of the PTB sections
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Ni-filtered Cu Kα radiation (1.5404 Å) and 1� divergence slit, 1� anti-scatter slit,

and 0.3 mm receiving slit.

Clay species were identified by their characteristic diffractions, as discussed by

Moore and Reynolds [20]. Illite was identified using its 001 diffraction of 10 Å
spacing. Smectite was identified by the 15-Å diffraction at air-dried conditions.

Mixed-layer illite–smectite has the basal 001 spacing of 10–15.5 Å, and was further
identified by their glycolated samples. The basal 001 diffraction of glycolated

chlorite is 14 Å and the 001 and 002 diffractions of kaolinite are 7.15 and 3.57 Å,
respectively.

The relative proportions of clay minerals in the sample were estimated using the

weighting factor method [21, 22]. Semiquantitative calculation of the clay phases

was undertaken in the air-dried sample, for the 001 diffraction of I/S clays separates

into two peaks with varied intensity ratios among the samples after glycolated

treatment, due to the difference in illite and smectite layer contents between the I/S

clays. The weighing factors were adopted from Hong et al. [14] and Schwertmann

and Niederbudde [23], which are 7.5, 5.0, 1.0, 1.0, and 1.3 for I/S clay, illite,

smectite, kaolinite, and chlorite, respectively. The detection limits were 1 % for

kaolinite, smectite, and chlorite, 3 % for illite, and ~5 % for mixed-layer I/S.

Percentages of smectite layers in I–S were estimated using the reciprocal vector

method [12], which was calculated using the formula: 1/d001(I/S)¼ α/d001(I) + β/
d001(S), where d001(I/S) is the d-spacing of the 001 diffraction of the mixed-layer

I/S, and d001(I) and d001(S) are those of the 001 diffractions of illite and smectite,

with d values of 10 and 15.5 Å, respectively, and α and β represent the layer content
of illite and smectite in the mixed-layer I/S with the relation α + β¼ 1.

2.3 HRTEM Analysis

A clay fraction separated from bed PL-01 was selected as the representative sample

in our HRTEM analysis. The air-dried clay fraction was embedded in M-bond

610 resin and was then placed between two Si slides and allowed to solidify in an

electric oven at 80 �C for ~2 h. The resin-solidified clay sample was cut vertically

so that the (001) planes of clay particles were perpendicular to the cut surface. The

thin slices were further thinned to ultrathin sections with a thickness <50 nm using

ion-beam thinning techniques. HRTEM analysis was performed on a Philips CM12

high-resolution transmission electron microscope equipped with an EDAX9100

X-ray energy-dispersive detector (EDS), which was operated at an accelerating

voltage of 120 kV and a beam current of ~20 nA. The lattice-fringe images of clay

minerals were taken under over-focus conditions [24], for this condition usually

gives the best contrast effect of the mixed-layer clay minerals. The point and line

resolutions were 0.34 nm and the 0.20 nm respectively.
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3 Results

3.1 Clay Mineralogy of the Pengda Clay Beds

The XRD patterns of the air-dried and glycolated clay fractions are shown in Fig. 2.

Most of the air-dried samples display a strong peak of 11–15 Å, and some of the

samples exhibit two peaks, one has the d-value of ~15Å and another has the d-value

of 12–14 Å. Glycolated treatment of the air-dried samples with a strong peak

produces two separate peaks in this region, one at ~16.7 Å and one at 9.0–9.5 Å.
Ethylene glycol saturation of the air-dried samples with two peaks produces three

separate peaks at 16.7, ~13.6, and ~9.3 Å, respectively. These suggest that smectite

and I/S clays are the dominant clay components in the samples. The weak 7.15 Å
peak is present in all samples, indicating that kaolinite occurs as a minor component

in all the clay sediments.

Samples PL-02 and PL-03 are composed dominantly of I/S clays and minor

kaolinite, while samples PL-01, PL-04, PL-05, and PL-06 consisted of mainly I/S

clays and contain small amounts of smectite and kaolinite. In addition, the XRD

profiles reveal that chlorite is only present in sample PL-07 as a minor component,

which is not detected in other samples. Calculations from the XRD patterns of the

air-dried clay fractions show that the I/S clays contain varying amounts of smectite

layers. I/S clays of Layer PL-02 contain up to 95 % smectite layers, while PL-06 has

only 45 % smectite layers.

Fig. 2 XRD patterns of air-dried and glycolated clays from the Pengda section. (a) Beds PL-01–

PL-03; (b) Beds PL-04–PL-07
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3.2 Layer Stacking of I/S Clays

Observations on the air-dried samples showed that most clay particles exhibit

typical wave-shaped morphology with only trace in straight outline (Fig. 3),

suggesting that clay minerals are mainly I/S clays and smectite [25], in agreement

with the results from XRD analysis. In general, crystal boundaries of the clay

particles could be readily recognized and the lattice fringes bent but well defined.

The I/S clays are characterized by lattice-fringe spacings of interstratified 10 and

12 Å under HRTEM observation. Some wave-shaped particles appear to have 12 Å
fringes only, without or with only few interstratified 10 Å layers, while in most of

the clay particles the lattice fringes consist of mainly 10 Å layers and minor 12 Å
layers (Fig. 4a–c). The former may be interpreted as smectite phase and the latter as

I/S clays, for the 15 Å smectite lattice-fringe spacing collapsed to 12 Å under the

electron beam [26]. In most particles, the interstratified illite/smectite sequences are

ordered and exhibit a layer proportion of 1:1 (Fig. 4a). In some particles, the 10 Å
illite layers are interstratified with 12 Å smectite layers, and the illite/smectite

sequences are disordered. Smectite layer is present in units of doublets, triplets,

and quartets, which are interstratified by various amounts of illite layers (Fig. 4b).

In some regions of the lattice-fringe image, one smectite layer laterally split into

two illite layers (Fig. 4c), suggesting the transformation of smectite into I/S clays.

In some small particles, the lattice fringes are straight and are all 10 Å thick

(Fig. 4a), indicative of illite mineral. The EDS analyses of clay particles show that

their elemental composition consists of mainly Si, Al, and minor K, Ca, Na, Mg,

and Fe. However, the areas with mainly 12 Å lattice-fringe spacings contain more

Na and Mg, confirming the presence of a smectite mineral, while the areas with

mainly 10 Å lattice-fringe spacings have more K but less Ca and Mg, indicating the

presence of an illite mineral.

Fig. 3 The HRTEM image

shows the typical wave-

shaped morphology of the

Pengda I/S clays
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4 Discussion

4.1 Characteristics of Pengda I/S Clays

The characteristic diffraction of the air-dried I/S clay is 12.6 Å and that of its

glycolated product is 13.6 Å, which are quite similar to the ordered 1:1 mixed-layer

I/S clay rectorite [27, 28]. The structure of I/S clays could be determined using the

two noncoincident mixed-layer diffractions at 6–8� and 33–35� 2θ [29]. The peak-

shaped parameters BB1 (angle width of the complex 10 Å diffraction) and BB2

(angle width of the diffraction at 33–35�) measured from the XRD pattern of

glycolated sample are 4.7� and 4.4�, respectively, which are larger than the criteria

value of>4.0� for ordering IS clay, suggesting that the I/S clay in layer PL-01 of the

Fig. 4 Lattice-fringe images of the I/S clays. (a) 1:1 IS stacking ordering; (b) smectite layer in

doublets, triplets, and quartets, interstratified by various amounts of illite layers; (c) the lateral

transition S! I. I illite layer, S smectite layer
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Pengda section has an IS type of ordering. This is also confirmed by the peak

position of the low-angle diffraction at 6.5� (the criteria value of <7.5�) [29].
The ordering types of I/S clays are also correlated with the smectite contents of

the I/S minerals. For I/S clays with ~50 % smectite layers, their interstratification

structures vary from completely random to maximum IS ordered, and change in

content of smectite layer will favor the occurrence of partially ordered IS structures

[30]. For the perfectly ordered 1:1 mixed-layer I/S clay rectorite and its glycolated

product, almost all theoretically multi-order diffractions of 001 could be observed

in their XRD patterns. However, unlike those of rectorite, only 12.6, 5.05, 3.17,

2.57, and 1.99Å diffractions of the air-dried sample and 13.6, 9.34, 5.32, 3.33, 2.56,

and 2.03 Å diffractions of the glycolated sample could be observed in their XRD

patterns of the Pengda I/S clay. The peaks are relatively broad and their intensities

are relatively weak. Again, at the low-angle side of 2.56 Å peak there is a diffuse

band at ~33� 2θ, suggesting the occurrence of certain amounts of random interstra-

tification I/S clays [29]. Therefore, the I/S clay of layer PL-01 in the Pengda section

consists of mainly IS ordering mineral and randomly interstratified I/S mineral as

indicated by the XRD analysis.

Illitization process and the crystal chemistry of I/S depend on environmental

conditions, such as temperature, compositions of fluid and rock and water/rock

ratio, as well as geological time. Variability in the inherited characteristics of

smectite formed during earlier periods of alteration may also influence later

illitization during burial diagenesis. HRTEM observations show that most of the

I/S clays exhibit an IS stacking ordering, in agreement with the results of XRD

analysis. However, in local regions within a crystallite, the IS layer stacking

sequences are irregular. Smectite layers are observed in layer-doublets, layer-

triplets, and layer-quartets, which are interstratified by various amounts of illite

layers. These suggest that the stacking of Pengda I/S clay consists of various types

of the subunits, in addition to the 1:1 IS-ordered stacking, and the smectite

illitization can be described by a systematic change in the type and proportion of

the subunits constituting crystallites [31]. Transformation of the smectite layer into

illite layers in HRTEM observations reinforces the hypothesis that the Pengda I/S

clays are derived from smectite illitization.

4.2 Formation of Clay Beds in the Pengda Section

In diagenesis processes, discrete clay minerals are little changed and the main

change in clay mineralogy is an increase in the amounts of illite layers together

with the increasing degree of ordering of I/S clays [32, 33]. However, in the Pengda

section, the I/S clays containing a large amount of smectite layers (Beds PL-02 and

PL-03) are interbedded with those having relatively smaller amount of smectite

layers (Beds PL-01 and PL-04). The transformation of smectite to illite often takes

place at the temperature of oil formation during burial diagenesis [34]. The PTB
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stratigraphic set in south China is mature for oil generation [35]. It would be

expected that the I/S clays in the Pengda have undergone smectite illitization and

an increase in ordering in the layer-type distribution. However, these clay beds

occur only within 3 m thick sediments, the difference in amount of smectite layer in

the I/S clays should not be attributed to different burial temperatures. Variation in

the amount and type of discrete clay minerals between the clay beds can be

attributed to different parent materials and the environment conditions of the

episode of volcanism.

Though the clay sediments are recognized as an alteration product of volcanic

ashes, and in one case as a mixture of volcaniclastic and continental alteration

materials [14], the sedimentary environment and the redox conditions may be

different between the volcanism episodes, as suggested by the differences in

color, texture, and mineralogical characteristics of the clay sediments. The variation

in color from pale yellow to dark gray may probably reflect increasingly reducing

conditions, and changes in texture and clay mineral composition may be derived

from sedimentation rate and chemical composition of the parent volcanic ashes.

Thus, variations in the amount of smectite layers in the I/S clays of the clay

sediments could be due to different parent materials [36]. The occurrence of

chlorite and illite, in association with larger amount of I/S clays in the clay beds,

is indicative of a mixture of terrigenous and volcanic sources, similar to those found

in other PTB stratigraphic sets elsewhere in south China [14].

Kaolinite is usually considered as a result of intense chemical weathering

[37]. However, authigenic kaolinite could also be formed in early diagenesis in a

relatively acid environment. The PTB stratigraphic set at Pengda consists of mainly

siliceous mudstones with interbedded clay beds; in early diagenesis, the contact

with acid siliceous deposits could have caused the removal of alkali elements in

solution and resulted in the formation of kaolinite [38]. The interbedded pure

smectite beds in marine sediments are usually derived from marine alteration of

volcanic ashes [25, 39–41], and the major mineral I/S could represent a major

smectitic volcanogenic component that was converted to I/S by alteration [25, 40,

42, 43]. XRD results show that clay beds in the Pengda section are composed of

mainly I/S clays, smectite, and minor kaolinite and illite, which are considered as

alteration products of volcanic ashes in marine environment in association with the

alteration of burial diagenesis. Dong et al. [16] suggested that smectite illitization

produces mainly I/S clays with small proportions of smectite and illite. The major

mineral I/S clays in association with minor smectite and illite in the Pengda section

may probably reflect the transformation of smectite to illite, as is confirmed by

HRTEM observations.

Clay mineral assemblages of the Pengda clay beds are mainly I/S clays, smectite,

and kaolinite, and the I/S minerals in this section contain up to 45–95 % smectite

layers (Table 1). However, clay minerals of the Meishan section consist mainly of

I/S clays, illite, and kaolinite, with 27–50 % smectite layers within the I/S clays, and

clay minerals of the Xiakou section are composed of only I/S clays, with only 15–

31 % smectite layers [14]. The smectite layer contents of I/S clays in the Pengda

section are significantly higher than those in the Xiakou, Meishan, and many other
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sections [10, 14]. Unlike the Pengda section formed in neritic sea environment, the

Meishan sediments formed in an intraplatform depression between an uplift and a

platform, and the Xiakou deposits formed in an open continental-shelf sedimentary

environment [44, 45]. Variations in clay assemblage and smectite layer content of

the I/S clays among the PTB stratigraphic sets can be attributed to different

sedimentary environment, which may have resulted in differences in redox and

weathering conditions and in alteration processes during burial diagenesis.

5 Conclusions

The clay intervals with siliceous mudstones across the PT boundary in the Pengda

section consist mainly of I/S clays with minor kaolinite, smectite, and illite.

Chlorite only occurs in layer PL-07, though the peak-shaped parameters BB1 and

BB2 of I/S clays of layer PL-01 are 4.7� and 4.4�, respectively, suggesting that the

I/S clays has an IS type of ordering, as is also confirmed by the peak position of the

low-angle diffraction at 6.5�2θ (13.6 Å
´
). The presence of multi-order diffraction

and their intensities is different from those of completely ordered 1:1 mixed-layer

I/S clay rectorite, suggesting that I/S clays of the Pengda section have partially

ordered IS structures.

Most of the I/S clays exhibit an IS stacking ordering under HRTEM observa-

tions. However, in some areas within an IS particle, smectite layer is present as

units of doublets, triplets, and quartets, which are interstratified by various amounts

of illite layers. These reinforce that the stacking of Pengda I/S clays consists of

various types of the subunits, in addition to the major 1:1 IS-ordered stacking, in

good agreement with the results of XRD analysis. Transformation of the smectite

layer into illite layers is also observed under HRTEM observations, confirming that

Table 1 Clay mineral compositions of clay intervals in the Pengda PTB stratigraphic set (vol%)

Layer Color and texture I/S Smectite Kaolinite Illite Chlorite

S content

in I/S (%)

PL-01 Grayish white, loose 78 8 9 5 – 58

PL-02 Grayish white,

condensed

93 – 4 3 – 95

PL-03 Light gray to pale

yellow, condensed

90 – 3 7 – 91

PL-04 Dark gray, loose 81 11 3 5 67

PL-05 Grayish yellow to

grayish green, loose

87 3 1 9 – 47

PL-06 Grayish yellow to

grayish green, loose

88 2 2 8 – 45

PL-07 Dark gray, condensed

with lamination

62 9 3 16 10 49
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the Pengda I/S clays are derived from smectite illitization. I/S clays of the Pengda

section contain up to 45–95 % smectite layers, which are notably higher than those

of other sections in south China, such as the Meishan section (27–50 %) and the

Xiakou section (15–31 %). Variations in smectite layer content of the I/S clays

among the PTB stratigraphic sets may reflect the differences in alteration and

smectite illitization processes due to the different sedimentary environments.
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4. Holser WT, Schölaub HP, Attrep M, Boeckelmann K, Klein P, Magaritz M, Orth CJ,

Fenninger A, Jenny C, Kralik M, Mauritsch H, Pak E, Schramm JM, Stattegger K, Schmöler
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