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ГЕОТЕРМОМЕТРИЯ ИЛЛИТИЗАЦИИ СМЕКТИТА  
НЕФТЕГАЗОМАТЕРИНСКИХ ПОРОД ВЕРХНЕГО БАССЕЙНА ИНДА  

(Пакистан)
А. Али, С. Уллах

Университет Пешавара, Пешавар 25120, Хайбер-Пахтунхва, Пакистан

Метод геотермии применялся при изучении иллитизации смектита для оценки термической зре-
лости и углеводородного потенциала позднепалеоценовой–раннеэоценовой формации Патала в верхнем 
бассейне Инда. Рентгеноструктурный анализ выявил в ее отложениях иллит, мусковит, кварц, каолинит, 
хлорит и кальцит. Сравнение дифракционных рентгенограмм воздушно-сухих и этиленгликоль-соль-
ватированных образцов отложений показало отсутствие дискретного смектита и переслаивающегося 
иллит-смектита. Кроме того, присутствие аутигенного иллита 2M1 указывает на то, что формация Па-
тала является частью зоны поздней стадии диагенеза (нижней анхизоны), которая расположена в зоне 
иллитизации R3. Высокое содержание SiO2 и Al2O3 в глинистой фракции формации Патала указыва-
ет на замещение тетраэдрического Si4+ на Al3+ в прослоях смектита. Аналогично высокое содержание 
K2O относительно CaO и MgO свидетельствует о замещении K+ на Ca2+ и Mg2+ в процессе иллитизации 
смектита. Сканирующая электронная микроскопия показала локальный рост пластинчатых кристаллов 
иллита, образующихся в зоне R3. Помимо этого, общее содержание органического углерода в сланцах 
формации Патала, обнажающихся в районе Тираха, позволяет судить о низком или высоком генераци-
онном потенциале нефтегазоматеринских пород. Отсутствие дискретного смектита и иллит-смектита, 
а также выявление дискретного иллита в сланцах формации Патала, вероятно, указывают на то, что 
углеводороды могли мигрировать из нефтегазоматеринских пород в породы-коллекторы в процессе ил-
литизации смектита. 

Иллитизация смектита, геотермометрия, зона R3, формация Патала, верхний бассейн Инда

Smectite Illitization Geothermometry of the Upper Indus Basin  
Hydrocarbon Source Rocks (Pakistan)

A. Ali, S. Ullah
Smectite illitization geothermometry has been used to assess the thermal maturity and hydrocarbon gen-

eration potential of the late Paleocene to early Eocene Patala Formation in the Upper Indus Basin. X-ray dif-
fraction (XRD) detected illite, muscovite, quartz, kaolinite, chlorite, and calcite. Comparison between air-dried 
(AD) and ethylene glycol (EG)-solvated XRD patterns reveals the absence of discrete smectite and interstrati-
fied illite-smectite (I-Sm). Additionally, authigenic illite-2M1 indicates that the Patala Formation has entered the 
late-stage diagenetic zone or the low anchizone, which lies in the R3 illitization zone. Abundant SiO2 and Al2O3 
in the Patala clay fraction indicate the substitution of tetrahedral Si4+ by Al3+ within the smectite interlayers. 
Likewise, the relative abundance of K2O to CaO and MgO indicates the exchange of K+ with Ca2+ and Mg2+ 
during smectite illitization. Scanning electron microscopy (SEM) reveals in situ growth of platy illite crystals 
that form within the R3 zone. Furthermore, the total organic carbon (TOC) of the Patala shale exposed in Tirah 
suggests a poor to good source rock. The absence of discrete smectite and I-Sm, combined with the detection of 
discrete illite in the Patala shale, suggests that hydrocarbon might have potentially migrated from the source to 
the reservoir rock during smectite illitization.

Smectite illitization, geothermometry, R3 zone, Patala Formation, Upper Indus Basin

introduction

Organic-rich sediments convert into kerogen at ca. 50 °C, subsequently changing into crude oil between 
50 and 100  °C. Meanwhile, smectite starts diagenetic transformation into illite through inter-stratified illite-
smectite (I-Sm) between 50 and 100 °C (Ali et al., 2021; Best, 2013). Smectite adsorbs the crude oil, forms 
organo-clay complexes, and catalyzes kerogen conversion into liquid hydrocarbon (Jiang, 2012; Li et al., 2017). 
Smectite illitization induces high pore fluid pressure, which causes dehydration of smectite containing 40 vol.% 
water. This forcible dehydration prompts the hydrocarbon migration from the source to a reservoir rock (Jiang, 
2012; Li et al., 2017; Ali et al., 2021). 
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Reichweite (R) categorizes various types of interstratification in I-Sm, including disordered R0, short-
range ordered R1, and long-range ordered R3, which coincide with immature, mature, and mature to postmature 
hydrocarbon generation zones, respectively (Reynolds, 1980; Pollastro, 1993; Jiang, 2012; Ali et al., 2021). The 
R1 to R3 conversion at ca. 175–180 °C indicates the upper limit of the oil generation zone, with subsequent 
methane generation occurring in the overmature R3 zone (Pollastro, 1993). Therefore, the simultaneous trans-
formation of random to ordered I-Sm and hydrocarbon generation establish smectite illitization as a reliable tool 
for assessing the thermal maturity of hydrocarbon source rocks (Scotchman, 1987; Velde and Espitalié, 1989; 
Jiang, 2012; Jozanikohan et al., 2016; Ola et al., 2018; Green et al., 2020).

The current research focuses on smectite illitization-based hydrocarbon generation potential and thermal 
maturity of the Patala Formation exposed in Tirah, NW Pakistan. The Patala Formation has been proven as a 
primary hydrocarbon source rock in the Upper Indus Basin, except for the Dhurnal field (Fazeelat et al., 2010). 
The hydrocarbon generation potential and thermal maturity of the Patala Formation have not been previously 
studied in Tirah. Similarly, smectite illitization is being utilized as a geothermometer for hydrocarbon source 
rocks in the Upper Indus Basin for the first time. Smectite illitization of the Patala Formation is calculated using 
X-ray diffraction (XRD) and scanning electron microscopy with energy-dispersive X-ray (SEM-EDX). Additio
nally, the total organic content of the Patala shale is determined through a total organic carbon (TOC) analysis. 

REGIONAL GEOLOGY

Tectonic setting. The Tirah Range lies northwest of the Upper Indus Basin. The NE–SW-oriented Indus 
Basin is the largest hydrocarbon-generating sedimentary basin of Pakistan that covers an area of ca. 54 000 km2 
(Sheikh and Giao, 2017). The Precambrian basement rocks divide this giant basin into the Upper, Middle, and 
Lower Indus basins (Fig.  1) (Miraj et al., 2021). The Middle Indus Basin is separated from the Upper and 
Lower Indus basins by the Sargodha and Jackobabad highs, respectively (Miraj et al., 2021). The Indus River 
divides the Upper Indus Basin into the Kohat and Potwar subbasins (Afzal et al., 2009). 

The late Paleocene to early Eocene Patala Formation is the last remnant of marine deposition in the 
northwestern Upper Indus Basin. The absence of middle to late Eocene rocks from the northwestern Upper 
Indus Basin marks the early closure of the Tethys seaway in the early Eocene (Wadood et al., 2021). Mean-
while, the Tethys seaway was open in the eastern, central, and western parts of the Upper Indus Basin. Com-
plete closure of the Tethys seaway occurred in the middle Eocene as a result of the collision of the Indian Plate 
with the southern amalgamated parts of the Eurasian Plate (Wadood et al., 2021). Consequently, the synorogen-
ic-sediment influx to the Upper Indus Basin started in the early Miocene (Pivnik and Wells, 1996), which re-
sulted in the direct deposition of the Murree Formation over the Patala Formation.

Stratigraphy. The exposed stratigraphic units in the study area include the Jurassic Samana Suk Forma-
tion, the Paleocene Hangu Formation and Lockhart Limestone, the late Paleocene to early Eocene Patala For-
mation, and the Miocene Murree Formation (Figs. 1, 2). The Paleocene and younger rocks show an overturned 
contact in the study area. Additionally, the Jurassic Samana Suk Formation thrusts over the Miocene Murree 
Formation along the Sra Wela Thrust (Fig. 1). 

The Patala Formation comprises alternate beds of shale and limestone in Tirah (Fig. 3c, d). The shale is 
light gray to black, and the limestone is white to light grayish. The limestone consists of larger benthic foramin-
ifera (LBF; Lockhartia, Assilina, Nummulites, and Miscellanea), smaller benthic foraminifera (SBF; Miliolids), 
ostracods, and fossil fragments (Fig. 4) (Hanif et al., 2013). The Patala Formation is ca. 70 m thick in the stud-
ied section (Fig. 2). 

MATERIALS AND METHODS

Materials. A total of six shale samples from the Patala Formation were selected for XRD. Four of these 
samples were also analyzed for SEM-EDX and TOC. Shale samples for XRD and EDX were washed and dried. 
The dried samples were crushed and powdered with an agate mortar. The powdered samples were treated with the 
acetic acid–sodium acetate buffer solution for the dissolution of carbonates. Moreover, the samples were treated 
with hydrogen peroxide for the removal of organic content. Following chemical treatment, samples were disinte-
grated through sonication. The disintegrated clay samples were separated into different fractions through centrifu-
gation, and the finest clay fraction was collected for further analysis (Środoń, 2006; Środoń et al., 2009).

Methods. XRD analysis. Mineral phases in the clay fraction of the Patala shale were detected using 
XRD in the Centralized Resource Laboratory, University of Peshawar. Samples were scanned by XRD in AD 
as well as EG-solvated forms. Clay slides were heated at 60 °C overnight in a desiccator filled to a depth of 
1 cm with EG (Patarachao et al., 2018). The samples were analyzed using a JDX-3532 (JEOL-Japanese) X-ray 
diffractometer with CuKα radiation at 40 kV and 30 mA. A scattering slit of 2 mm along with divergent and 
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receiving slits of 1° were used. The samples were scanned in 0–35° 2θ range with a single-second step time and 
an angle of 0.050°.

SEM-EDX analysis. Morphological examination of the Patala shale was performed using an SEM-
JSM5910 scanning electron imaging detector with maximum magnification power of 300,000x and a maximum 
resolution of 2.3 nm. Gold-coated sample chips were mounted on aluminum stubs, and photomicrographs were 
taken at resolution scales of 8, 10, 20, and 40 µm. Chemical analysis of the treated clay fraction was performed 
using EDX-INCA200 attached to SEM-JSM5910. 

Fig. 1. Inset map of Pakistan showing the distribution of different tectonic units (Kazmi and Jan, 1997). 
Geological map showing the major lithologic units and structural architecture of the study area, measured section, and location of TS 
01–TS 05 (a) and TS 06 (b). 1 – alluvium, 2 – Murree Formation, 3 – Patala Formation, 4 – Lockhart Formation, 5 – Hangu Formation, 
6 – Samana Suk Formation, 7 – syncline, 8 – overturned anticline, 9 – inferred contact, 10 – strike and dip of bedding.
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TOC. The TOC of the Patala shale was evaluated at the Hydrocarbon Development Institute of Pakistan. 
Samples weighing 100 to 150 mg were washed and dried overnight in an oven at 40°C. The dried samples were 
crushed, ground, and powdered. The powdered samples were treated with 5% HCl to remove inorganic carbon. 
The samples were dried on a hotplate at 40 °C and subjected to further evaluation using Leuco CS-300. Carbon 
content was determined by Infrared detectors in the TOC analyzer.

RESULTS

XRD analysis. Mineral phases. Illite, quartz, chlorite, kaolinite, muscovite, and calcite are detected in 
the Patala clay fraction (Fig. 5). Discrete illite phases are detected with reflections of 001, 002, 003, and 131 
planes. Illite 001 is identified at 9.9 Å in TS 02, TS 04, TS 05, and TS 06, whereas in TS 01 and TS 03 it is 

Fig. 2. a – Generalized stratigraphic column showing the Jurassic to Miocene stratigraphy of Tirah. The 
middle to late Eocene and Oligocene stratigraphic units of the Upper Indus Basin are missing, which is 
marked as unconformity (modified after Khan et al., 2018, 2022). E – early, M – middle, L – late. The 
Cretaceous units are exposed outside of the map (Fig. 1). b – Detailed stratigraphic log of the Patala For-
mation exposed in Tirah. 
1 – limestone, 2 – oolitic Limestone, 3 – sandy limestone, 4 – nodular limestone, 5 – glauconitic sandstone, 6 – sandstone, 7 – conglomerate, 
8 – shale, 9 – coal, 10 – bauxite and laterite, 11 – foraminifera, 12 – fossil fragments. 
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detected at 10.3 Å (Fig. 5). Reflection of illite 002 
is detected at 5.01 Å in TS 04, TS 05, and TS 06. 
Diffraction peaks from illite 003 and illite 131 are 
detected at 3.34 Å and 2.56 Å, respectively (Fig. 5). 
Quartz 100 is identified at 4.26 Å in TS 01, TS 02, 
TS 03, TS 05, and TS 06, whereas quartz 101 is 
detected at 3.34 Å. Illite 003 and quartz 101 reflec-
tions overlap and result in a high-intensity peak at 
3.34 Å (Fig. 5). Furthermore, chlorite 002 is de-
tected at 7.05 Å, and chlorite 004 is identified at 
3.52 Å in TS 01, TS 03, TS 04, and TS 05 (Fig. 5). 
Kaolinite 001 in TS 01-05 and kaolinite 002 in TS 
01, TS 03, TS 04, and TS 05 are identified at 7.06 
Å and 3.53 Å, respectively. Reflection of musco-
vite 111 is detected at 4.45 Å in TS 02 and TS 04, 
where- as muscovite 025 is detected at 2.90 Å in 
TS 02 (Fig. 5). Moreover, the diffraction peak of 
calcite 104 is detected at 3.03 Å in TS 06 (Fig. 5f).

Polymorphism in illite and muscovite. 
Discrete illite phases are detected with 1M, 2M1, 
and 2M2 polymorphs. Illite 002 and illite 003 are 
identified as 1M, whereas illite 131 and illite 001 
are determined as 2M1 and 2M2. Similarly, the dif-
fraction peaks of muscovite 111 and muscovite 
025 are identified as 2M1 (Fig. 5). 

SEM-EDX analysis. Chemistry of the clay 
fraction. The Patala clay fraction geochemically 
consists of SiO2, Al2O3, Fe2O3, K2O, MgO, CaO, 
TiO2, SO2, and C (Table 1). The percentage of 
SiO2 varies from 56.78 to 60.85% in TS 01, TS 03, 
and TS 05 but is 32.24% in TS 06. The share of 
Al2O3 varies from 12.15 to 19.34%, while that of 
Fe2O3 ranges from 11.58 to 12.22%. The share of 
K2O fluctuates between 4.40 and 6.97% in TS 01, 
TS 03, and TS 05 but is 2.18% in TS 06. The per-
centage of MgO varies from 2.10 to 2.36%. The 
percentage of CaO varies from 0.85 to 2.28% in 
TS 01, TS 03, and TS 05 but is 21.76% in TS 06. 
The abundance of TiO2 ranges from 1.01 to 2.03%. 
Moreover, TS 06 is detected with 1.79% SO2 and 
15.02% C (Table 1). 

Morphology of illite. The authigenic origin 
of illite was confirmed using SEM. In situ growth 
of pure illite with characteristic platy habit and 
curly edges is observed in the Patala shale (Fig. 6). 
Simultaneous EDX analysis of the same samples 
reveals a considerable amount of SiO2, Al2O3, and 
.Fe2O3. The percentage of K2O is relatively higher 
than that of CaO, MgO, and TiO2 in TS 01, TS 03, 
and TS 05 (Fig. 6a–c). However, TS 06 is detected 
with relatively high percentage of TiO2 and CaO as 
compared with K2O and MgO (Fig. 6d). 

TOC of the Patala Formation. The Patala 
shale yielded low to high TOC, including 0% TOC from TS 01 and TS 03, 0.1% TOC from TS 05, and 1.2% 
TOC from TS 06 (Fig 1; Table 2). The hydrocarbon generation potential of TS 01, TS 03, and TS 05 is low, 
whereas that of TS 06 is high (Table 2).

Fig. 3. Photographs showing: 
a – the upper overturned contact between the Patala and Murree 
formations, b – the lower overturned contact between the Lockhart 
Limestone and the Patala Formation, c – Patala interbedded shale and 
limestone. Sh – shale, Lst – limestone. 
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DISCUSSION

The extent of smectite illitization in the Patala Formation. Discrete smectite appears at or above 15 
and 17 Å in AD and EG-solvated XRD patterns, respectively (McIntosh et al., 2021). The AD patterns of the 
Patala shale are not detected with any peak at or above 15 Å (Fig. 5). Similarly, no peak is observed at or above 
17 Å in the EG-solvated patterns of the Patala shale (Fig. 5), which suggests the absence of discrete smectite. 
According to Patarachao et al. (2018), the presence of I-Sm results in a broad and asymmetric peak at the 
lower angle side of illite 001 in AD patterns. The peak becomes sharper and symmetric upon glycolation. Also, 

Fig. 4. Photomicrographs of: a – LBF Lockhartia, b – LBF Assilina, c – LBF Nummulite, d – LBF Miscel-
lanea sp., e – SBF Miliolidsp, f – Ostracods. 
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new I-Sm peaks may appear at the higher angle side of 
the illite 001 peak in EG-solvated pattern (Patarachao 
et al., 2018). Comparison between the AD and EG-
solvated patterns of the Patala shale reveals the ab-
sence of I-Sm in detectable quantities, because no dis-
tinction is observed between the AD and EG-solvated 
XRD patterns (Fig. 5). However, discrete illite is de-

tected in both the AD and the EG-solvated XRD patterns of the Patala shale (Fig. 5). The absence of discrete 
smectite along with I-Sm and the presence of illite in the Patala shale indicate that the Patala Formation has 
entered into the R3 illitization zone of Pollastro (1993) (Fig. 7).

Polymorphic transformation of illite. Polymorphic transformation of illite from 1Md to 2M1 occurs 
during smectite illitization (Merriman, 2006; Chen and Wang, 2007; Bozkaya et al., 2012; Galán and Ferrell, 

T a b l e  1 .  Percentage of major oxides in the Patala clay  
fraction
Major oxides TS 01 TS 03 TS 05 TS 06

SiO2 59.18 56.78 60.85 32.24
Al2O3 17.78 19.34 16.9 12.15
Fe2O3 12.22 12.10 11.58 11.62
K2O 4.40 6.97 5.62 2.18
MgO 2.36 2.10 2.17 2.23
CaO 2.28 0.95 0.85 21.76
TiO2 1.78 1.76 2.03 1.01
SO2 — — — 1.79
C — — — 15.02
Total 100 100 100 100

T a b l e  2 .  Percentage of TOC and hydrocarbon generation 
potential of the Patala shale in Tirah
Sample no. TOC, % Hydrocarbon potential

TS 01 0.0 Low
TS 03 0.0 Low
TS 05 0.1 Low
TS 06 1.2 High

Fig.  5. Air-dried (AD) and ethylene glycol (EG)-solvated XRD patterns of TS 01, TS 02, TS 03, TS 04, 
TS 05, and TS 06 from the Patala Formation. Comparison between AD and EG-solvated XRD patterns 
reveals the absence of discrete smectite and I-Sm phases. 
Detection of discrete illite indicates that the Patala Formation has entered the R3 illitization zone. Ilt – illite, Kln – kaolinite, Chl – chlorite, 
Qz – quartz, Ms – muscovite, Cal – calcite (Whitney and Evans, 2010).
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Fig. 6. SEM images showing in situ growth of platy illite crystals indicating R3 illitization zone. 
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2013; Wang et al., 2016; Hu et al., 2018; Süs-
senberger et al., 2018; Gorokhov et al., 2019; 
Nguyen-Thanh et al., 2021). The conversion 
process starts during late diagenesis in the low 
anchizone and terminates in the high anchizone 
(Merriman, 2006; Galán and Ferrell, 2013; Hu 
et al., 2018). Therefore, the polymorphic trans-
formation of illite is a useful indicator of diage-
netic evolution into the anchizone, where the 
anchizone corresponds to a temperature be-
tween 200 and 300 °C (Wang et al., 2004, 2016; 
Merriman, 2006; Galán and Ferrell, 2013; Hu 
et al., 2018). Additionally, muscovite poly-
morphs are identical to illite in petrogenetic 
character (Wang et al., 2003; Merriman, 2006; 
Galán and Ferrell, 2013). The detection of illite 
and muscovite peaks with 2M1 polymorph in 
the Patala shale indicates that the Patala Forma-
tion has entered the late-stage diagenetic zone 
or the anchizone (Fig. 5). The temperature 
range of the late diagenesis or the anchizone 
lies in the R3 illitization zone (Fig. 7).

Cation exchange during smectite illitization. Smectite illitization occurs as a result of the addition of 
K+ to the interlayer space of smectite. Meanwhile, the expulsion of Ca2+, Na+, and Mg2+ from the smectite in-
terlayers occurs (Cai et al., 2018; Morad et al., 2000; McIntosh et al., 2021). In addition, tetrahedral Al3+ re-
places Si4+, which causes an increased Al/Si ratio in illite as compared with smectite (Pollastro, 1985; McIntosh 
et al., 2021). The relatively high percentage of K2O to CaO in TS 01, TS 03, and TS 05 and MgO in TS 03 and 
TS 05 illustrates the exchange of K+ with Ca2+ and Mg2+ in the smectite interlayers during illitization (Table 1). 
However, the relatively high percentage of CaO in TS 06 indicates calcium carbonate, which is also detected in 
the XRD pattern of the same sample (Table 1); (Fig. 5f). Moreover, the abundance of Al2O3 demonstrates that 
Al3+ was available in considerable amounts for the substitution of Si4+, which led to illitization in the Patala 
Formation (Table 1). 

Authigenic illite crystals. Patala shale reveals in situ growth of pure illite with platy habit and curly 
edges (Fig. 6). Illite in I-Sm initially grows with ribbons and flake-like appearance. The ribbons coalesce upon 
illitization, which results in the characteristic platy habit of discrete illite (Keller et al., 1986; Ylagan et al., 
2000; Meunier and Velde, 2004; Al-Ramadan, 2014; Nguyen-Thanh et al., 2021). The illite habit evolves as a 
function of the depth of burial. At shallower depths, illite appears as xenomorphic flakes and filaments in the 
R0 zone (Inoue, 1986; Nguyen-Thanh et al., 2021). Filamentous crystals convert to subhedral laths in the R1 
illitization zone. In the R3 zone, illite laths transform into isometric pseudohexagonal or platy crystals (Inoue, 
1986; Nguyen-Thanh et al., 2021). Therefore, the platy habit of authigenic illite in the Patala shale indicates the 
R3 zone (Fig. 6).

A considerable amount of Si and Al and the relatively abundant percentage of K to Ca and Mg confirm 
the presence of discrete illite in the Patala shale (Fig. 6a–c) (Welton, 1984). 

Source rock potential of the Patala Formation. The Patala Formation yields 0.5 to 3.5% TOC (on 
average, 1.4%) in the Upper Indus Basin (Wandrey et al., 2004; Fazeelat et al., 2010). However, the Patala 
Formation in Tirah yields low to high amounts of TOC, which suggests a poor to good source rock in the region 
(Table 2). Similarly, the absence of discrete smectite and I-Sm, combined with the presence of discrete illite in 
the Patala shale, indicates that hydrocarbon might have potentially migrated from the source to the reservoir 
rock during smectite illitization (Figs. 5–7).

Fig. 7. Temperature-based relationship be-
tween hydrocarbon generation and illitiza-
tion. The maturity zone of the Patala Forma-
tion has been constrained in the temperature 
range of R3, which coincides with the ma-
ture to postmature zone of Pollastro (1993).
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CONCLUSIONS

– Smectite illitization geothermometry is utilized to assess the thermal maturity and hydrocarbon genera-
tion potential of the Patala Formation in Tirah. Comparison between AD and EG-solvated patterns reveals the 
absence of discrete smectite and I-Sm. However, discrete illite phases are consistently detected across all XRD 
patterns. This suggests that the Patala Formation lies in the R3 illitization zone. 

– Detection of illite-2M1 in the Patala shale demonstrates that the Patala Formation has entered the late-
stage diagenetic zone or the anchizone, which lies in the R3 zone of smectite illitization. 

– The considerable amount of SiO2 and Al2O3 in the Patala clay fraction indicates the substitution of Si4+ 

by Al3+ in smectite. Likewise, the relatively high percentage of K2O to CaO and MgO illustrates the exchange 
of K+ with Ca2+ and Mg2+ in the smectite interlayers during illitization. 

– The TOC of the Patala shale potentially indicates a poor to good source rock. Similarly, the absence of 
discrete smectite and I-Sm, combined with the presence of discrete illite in the Patala shale, indicates that hy-
drocarbon might have potentially migrated from the source to the reservoir rock during smectite illitization.
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