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Abstract 

The mean crystallite  size (CSmean), mean thickness (Tmean) and crystallite thickness 
distributions (CTD) for illite (I) and kaolinite (K) have been determined for 
representative Jordanian mudrock samples of different ages. MudMaster analyses of the 
X-ray diffraction (XRD), based on the Bertaut-Warren-Averbach (BWA) method, have 
been employed in the calculations. The CSmean and Tmean for illite show a slight increase 
with a mean difference of +0.5nm and +1.4nm respectively with the increase of the 
present-day stratigraphic thicknesses (depths) of rock formations.  An increase in the 
CSmean and Tmean of kaolinite proceeds only to certain depths (1.22km, 1.05km 
respectively).  Beyond these depths, the two means flip with a mean difference of -
0.7nm, -2.1nm, respectively, when the depth reaches 1.6km.  The shapes of crystallite 
thickness distributions (CTD) for illite in all investigated mudrock samples are 
asymptotic. The asymptotic shape more likely mirrors the overlapping reflections of 
different generations of illite and mixed layer I-S phases.  Shapes of CTD for kaolinite 
vary between asymptotic, multimodal and lognormal. This is more likely due to the 
presence of two generations of kaolinite growth coinciding with increasing depths of the 
rock formations.

Keywords: X-ray diffraction, mudrock, kaolinite, illite, MudMaster, BWA-method, 
crystallite size, asymptotic, multimodal, lognormal. 

Introduction 

The use of X-ray diffraction (XRD) to study the crystalline structure of clay 
minerals, crystallite size - and shape of crystallite thickness distributions (CTDs) has 
attracted considerable attention over the past years. Crystallite size is a measurement of 
adjacent, repeating crystalline units. It is only equivalent to the grain size if the 
individual grains are perfect single crystals free of defects, grain boundaries or stacking 
faults. Crystallite size is determined by measuring the broadening of a particular XRD 
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peak associated with a particular planar reflection from within the crystal unit cell. It is 
inversely related to the FWHM (full width at half maximum) of the peak. The narrower 
is the peak, the larger the crystallite size. This is due to the periodicity of the individual 
crystallite domains, in phase, reinforcing the diffraction of the X-Ray beam, resulting in 
a tall narrow peak. If the crystal are defect free and periodically arranged, the X-Ray 
beam is diffracted to the same angle even through multiple layers of the specimen. If the 
crystallites are randomly arranged or have low degree of periodicity, the result is a 
broader peak. Crystallite thickness refers to the mode of stacking two or more crystals of 
a clay mineral. The Bertaut-Warren Averbach (BWA) method is adapted to study clay 
minerals having a periodic structure along the c-axis. The XRD-peak shapes for the 00l 
reflections are then analyzed to calculate the crystallite thickness distributions (CTDs).
The shape of the CTDs is used to infer crystal growth mechanism undergone by clay 
minerals during diagenesis or alteration by applying a simulation technique. Dudek et al. 
[1] pointed to several mathematical approaches in order to obtain information about 
crystallite size from the XRD peak shapes. The Scherrer equation [2], variance method 
[3, 4], Voigt method [5] and Bertaut-Warren-Averbach (BWA) method [6, 7] are applied 
to determine crystallite size using the XRD spectra. The BWA-method is the most 
universal because it can be used to measure the crystallite size, strain and crystallite size 
distributions. The MudMaster, a computer program utilizing a version of the BWA-
method is applied to carry out such measurements [6, 7]. The evolution of illite as a 
function of burial diagenesis can be better explained by applying the BWA-method [6, 7, 
and 8]. The shapes of crystallite thickness distributions (CTD), asymptotic, lognormal 
and multimodal, may provide information regarding nucleation and crystal growth 
mechanisms of clay minerals [2, 6, 7, and 8]. 

The main task of the present study is to determine the mean crystallite size and 
thickness of illite and kaolinite from the XRD data and to interpret the shapes of size 
distributions from the 001 basal reflections in the XRD spectra. The MudMaster with the 
aid of the BWA-method has been extensively utilized for this purpose.  

Materials and Methods 

Representative mudrock samples were selected from different sites in Jordan as 
shown in Fig. (1). The samples represent the late Ordovician-early Silurian Batra 
Member kaolinitic claystone (Batn el-Ghol area), black shale of late Permian Umm Irna 
Formation (Dead Sea area), the gray-green kaolinitic claystone from the Lower 
Cretaceous Kurnub Group (Mahis area), the green claystone of the Turonian Shueib 
Formation (Tafila area), the red-brownish claystone of the Pleistocene and Al-
Yamaniyya clay deposits (Al-Yamaniyya, Aqaba area). The abbreviations: SIL, UI, 
MAH, TAF, and YAM in the text are derived from the original names of the studied 
rock formations or their ages. They indicate the Silurian Batra Member claystone, Umm 
Irna black shale, Mahis, Tafila and Al-Yamaniyya clay deposits respectively.  

The samples were gently crushed using an agate mortar and pestle. They were then 
treated with 12% H2O2 to remove organic matter. After oxidation, samples were wet 
sieved using a test sieve of 45 m to separate coarser fractions. The clay fraction (<2 m) 
obtained from the pass 45 m fraction by sedimentation, centrifugation and dialysis was 
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sedimented on a polished silicon substrate and left to dry at room temperature. After 
mounting on the substrates, air-dried samples were heat treated separately at 350 C and 
550 C. Vaporization of ethylene glycol was used to saturate clay samples at 60 C for 16 
hours. PVP-10 intercalated air-dried clay samples were analyzed by XRD for the 
purpose of measuring the fundamental illite particle size and size distribution [9]. The 
ratios of PVP to clay intercalations were as follows: 

Sample  Ratio PVP : CLAY

YAM   4:1 

TAF   3:1 

MAH   2:1 

UI    2:1 

SIL    2:1 

Clay fraction was suspended in distilled water (concentration 2.5mg clay/1ml H2O), 
mixed with an aqueous solution containing 5mg PVP/1ml H2O and fully dispersed by 
ultrasonic treatment. The proportion of clay to PVP used depended on the expandability 
of the clay sample. The larger the proportion of smectite layers the more PVP was added 
to obtain good intercalation [1]. The advantage of the PVP-10 intercalation was to 
remove the effect of peak broadening related to swelling interface of the exposed basal 
surfaces of illite. In this way, crystallite size can be accurately calculated by the BWA-
method. The use of silicon substrates improved the background of the XRD spectra [7, 9, 
and10]. The 001 reflection of PVP-illite and kaolinite were used to measure mean 
crystallite size (Csmean), mean crystallite thickness (Tmean) and crystallite thickness 
distributions [6, 8, and 11]. XRD diffraction spectra were carried out using a Phillips 
PW1710 Diffractometer equipped with copper tube, CuK  radiation, and a theta 
compensatory slit assembly. The diffractometer was operated under the following 
experimental conditions: a voltage of 35 KV, beam current of 40mA , step size of 0.02 
2 , counting time of 0.01sec/step, 1mm receiving slit and a scanning range of 2-65  2 .
The BWA-method adapted in the MudMaster computer program is based on Fourier 
analysis of the interference function [2, 6].  

Lithology of mudrocks 

Fig (2) illustrates the graphic logs for the different rock formations. The Batra 
Member of Late Ordovician-early Silurian (Batn el-Ghol, SE Jordan) consists of light 
gray-green kaolinitic clays with Graptolite remains along bedding planes. Reddish 
siltstone-fine sandstone beds intercalate the green clays with a total thickness of about 
80m. The occurrence of Graptolite indicates marine origin [12]. The Umm Irna 
Formation of late Permian (Dead Sea area) consists principally of two quartz arenite 
sandstone facies (60 m. thick) with fining upward cycles. Each starts with pebbly 
sandstone at the base, changes upward into fine sandstone, siltstone and silty claystone. 
The uppermost two cycles are distinguished by the presence of reddish-brown and 
occasionally dark gray paleosol horizons separated from each other by dark gray-black 
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shale beds with plant remains [13]. The Lower Cretaceous Kurnub Group (Mahis area) 
consists of a thick varicolored sandstone sequence ( 200m.) interbedded with kaolinitic 
clay beds. The Turonian Shueib Formation (Karak-Tafila area) consisting of green and 
red gypsiferous claystone beds interbedded with gypsum changes near the top to 
fossiliferous dolomitic limestone. The Al-Yamaniyya Pleistocene clay deposits consist 
of varicolored (gray, green, yellow, red-brown) claystone interbedded with pebbly-
coarse-fine sandstone beds. Al-Yamaniya clay deposits were more likely deposited in a 
nearshore environment [Note 1, 14, 15].  

Experimental results  

a. XRD analysis  

The XRD diffraction patterns (Fig.3; Table 1) show that smectite (S) dominates 
other clay minerals in YAM claystone samples. The other clay minerals are kaolinite 
(K), illite (I), mixed layer illite-smectite (I-S), chlorite (Ch) and mixed layer illite-
chlorite (I-Ch). The 001 peak of S at 6.2  2  (14.25 ) in air-dried samples expands to 
5  2  (17.67 ) after ethylene glycol saturation. The same peak collapsed upon heating 
at 550 C to 9.04  2  (9.8 ). Peaks of Ch and mixed layer I-Ch are apparent in heated 
samples as shown in Figure (3).  

In TAF clays, a broad peak appears in air-dried mounts at 8.02  2  (11.02 ). This 
is more likely to be a mixture of ‘I’ and one-water layer S. After glycolation, the peak 
shifts to 5.4  2  (16.37 ) and a new 001 peak of illite appears at 8.8  2  (10 ). When 
heating at 550 C, the broad peak at 11.02  collapsed to 10 . Kaolinite is also present 
in the TAF green claystone.  

In the UI black shale and MAH clay samples, asymmetric broad and low intensity 
mixed-layer I-S peaks appear at 7.7  2  (11.5 ) and 7.2  2  (12.3 ) together with I 
and K. The mixed layer I-S peaks collapsed upon heating (550 C) to 8.8  2  (10 ). 
Illite and kaolinite are dominant in the SIL clays.  

b. Crystallite size of illite and kaolinite versus depth 

Table (2) summarizes the results of mean crystallite size (CSmean), mean thickness 
(Tmean) and CTD shapes of illite and kaolinite. The CSmean (2.8nm-3.3nm) and Tmean
(3.8nm-5.2nm) for illite show a slight increase (+0.5nm, +1.4nm respectively) with 
increasing depth of the rock formations (Fig.4.a). The CSmean and Tmean for kaolinite are 
somewhat different. The means of the two values range between 3nm-10.7nm and 
7.5nm-16.8nm, respectively. A slight increase in the CSmean of K (+ 0.7 nm) occurs when 
the depth changes from shallow to 0.95km. This is followed by an abrupt increase from 
3.7nm-9.0nm (+5.3nm) when depth is 1.05km.  

The CSmean increases by 1.7nm when the depth changes from 1.05km to1.22km. 
Beyond the 1.22km depth, the mean size flips (- 0.7 nm.) when the depth is 1.6km 
(Fig.4.b). The Tmean for kaolinite increases from 7.5nm to 11.3nm (+3.8nm) going from a 
shallow depth to 0.95km. The Tmean abruptly increases to 16.8nm (+5.5nm) at a depth of 
1.05km and then eventually decreases to 14.7nm (-2.1nm) beyond this depth (Fig. 4.b).  
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 c. Crystallite thickness distributions (CTD) for illite and kaolinite 

The crystallite thickness distributions (CTD) for air-dried PVP-illite and heated 
(350 C) kaolinite samples were determined using MudMaster analysis based on the 
BWA- method ,area-weighted option [9]. Figures (5 and 6) illustrate the shapes of CTD 
for PVP-I and K respectively. The CTD shapes in PVP-I was asymptotic in all samples. 
This is more likely a result of overlapping reflections of different generations of illite 
and I-S phases in clay deposits [16]. Another view point relates the asymptotic shape to 
the great influence of simultaneous nucleation and crystal growth of illite [17, 18]. This 
is only very likely, if illite in the samples represents one generation devoted to one 
mechanism of formation [18]. However, the later explanation needs more investigation. 
The CTD shapes of kaolinite vary from asymptotic (YAM and TAF clays) to multimodal 
(MAH clays) and lognormal (UI and SIL clays). This variation reflects the occurrence of 
two generations for kaolinite growth in response to changes in depth from shallow to 
deep. Otherwise, the variation in the CTD can be explained on how the crystal growth 
mechanism of kaolinite alters from a constant rate nucleation accompanied with crystal 
growth (at shallow-moderate depths) to crystal growth without continuous nucleation (at 
greater depths) [17, 18].  

Discussion

Results of X-ray analyses give an initial impression on how the type and abundance 
of clay minerals in the investigated mudrock samples vary with the present-day 
stratigraphic thicknesses of rock formations (depths). Mineralogically, smectite 
predominates other clay minerals in Al-Yamaniyya Pleistocene superficial clay deposits, 
but deficient in the Tafila green claystone of the Turonian Shueib formation and the 
Lower Cretaceous Mahis clay deposits occurring at depths around one km. Smectite 
more likely changed to mixed layer I-S in the Tafila claystone. In the Lower Cretaceous 
Mahis clays, kaolinite predominates other clay minerals and illite is less dominant. 
Progressive illitization is possibly enhanced at depths over 1 km. Therefore, strong peaks 
of illite and kaolinte were typical in the late Permian Umm Irna black shale (depth of 
rock formation approximates 1.2km) and in the Upper Ordovician-Lower Silurian green 
claystone of Batra Member (depth around 1.6km). The distinct appearance of illite peaks 
in the Paleozoic mudrocks indicates diagenetic alterations of smectite and mixed layer S-
I precursors to illite. The degradation of smectite and its transformation to illite involve 
incorporation of potassium (K+) ions into smectite structure and loss of interlayer water 
[19, 20]. The compaction of mud through overburden pressure soon removes much of 
the water contained in clay mineral lattices and water adsorbed onto clay surface or the 
less common pore-filled water. At depths greater than one kilometer (temperature 

45°C), 70-90% of the original volume of water is reduced to about 30%. Further 
compaction through water loss requires temperature of about 100°C (depths 2-4km) 
where dehydration of clays takes place causing some changes in clay mineral types [21, 
22}. Final compaction, leading to mudrock formation with only small percent water 
needs much longer period of overburden pressure with elevated temperatures [22]. 
Despite the significant role of temperature and burial history in clay diagenesis, the role 
of tectonic uplift and sediment unroofing cannot be ignored. Another criterion which 
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may complicate the origin of clay minerals is the possible occurrence of the same types 
of clay minerals in more than one particular environment (terrestrial-marine). This is 
despite differences in the physical and chemical conditions. 

In this work, we consider the issue of primary (detrital) origin of clay minerals of 
paramount importance. For instance, the coexistence of kaolinite and smectite in Al-
Yamaniyya clay deposits can be explained on the basis of their primary origin after 
chemical weathering of source materials. The latter minerals are very likely weathering 
products of the very near Precambrian granites intruded by mafic dikes. Products of 
weathering were then transported by streams draining granite terrains and finally 
deposited in a lacustrine environment separated from sea by beach terraces [14, 15, and 
23]. Leaching of iron and magnesium in source area leaves behind concentrations of 
silicon and aluminum. This is favorable for kaolinite formation. 

In the Tafila mudrocks, the presence of dolomite and gypsum beside the 
argillaceous sediments signifies a deposition in a coastal sabkha environment after an 
uplift at the beginning of the Turonian age. The tectonic event caused sea-level fall 
resulting in the development of the sabkha environment [24]. The Tafila mudrocks were 
more likely deposited during periodic influxes of fresh water which may facilitate 
illitization process [e.g. 25]. The green type of Tafila clays were possibly developed by 
leaching of nearby red clays and reduction of hematite under surface conditions. This 
idea can be supported by the absence of chlorite (not detected by X-ray analyses) from 
the green clays which can also impart green color for clay deposits in nature. We do 
believe that Tafila clays were subjected to illitization as a result of surface wet-dry 
cycles, evaporation, and fixation of K+ ions. The lack of sodium chloride (NaCl) in the 
depositional medium (absence of halite in the rock sequence) enhances K+ ions fixation 
in clays [26]. A burial depth of about one kilometer may help the transformation of 
smectite to mixed layer I-S. Many researchers [e.g. 27, 28, 29, 30] believe that 
illitization of smectite through I-S can take place under surface conditions when lake 
water becomes alkaline and saturated with K+ ions whereby wet-dry cycles and 
evaporation eventually lead to irreversible fixation of K+ ions and illite formation.  

Mahis kaolinitic clay deposits that are a part of fluvial system sediments [31], have 
two origins, detrital (primary) and authigenic. Khouri [23] mentioned neoformation of 
kaolinite flakes adhered to quartz grains surfaces in Mahis clay sediments. Intensive 
leaching of the detritus in acidic medium helps kaolinization aided by rainfall water. 
Field observations confirmed a presence of carbonized plant remains in Mahis clays. The 
breakdown of plant remains due to compaction releases CO2 and creates acidic pore 
water. This initiates neoformation of kaolinite at depths greater than 1km (T>50°C). The 
minor content of I-S and the initial presence of illite in Mahis clays suggest advanced 
stages of illitization at such depths. Coalified plant remains are also found in the Late 
Permian Umm Irna black shale. This again prompts the creation of acidic medium in the 
pore-filling water as a result of organic matter decay and CO2 release possibly by 
thermal maturation at greater depths (>1200m). Accordingly, crystal growth of a primary 
kaolinite can take place. The strong appearance of illite and kaolinite peaks present in 
the XRD patterns supports the idea of precursor smectite illitization and the increase of 
kaolinite crystallinity with depth. The great compaction of green claystone and 
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sandstones of the Upper Ordovician-Lower Silurian Batra Member by overlying rocks 
(present-day depth>1.6km) undoubtedly produced a set of physical and chemical 
changes on these sediments. Hence, illitization process is continued and the crystallinity 
of K is well developed.  

Summary and conclusions 

The present work revealed that diagenetic changes of clay minerals in the 
investigated mudrock samples took place at various depths. The occurrence of smectite 
gradually diminished with depth and was replaced by illite through an intermediate stage 
of mixed-layer I-S. Transformations between clay minerals could be produced under 
different depositional settings regardless of the evolved physical and chemical 
conditions. For instance, the illitization of Tafila clays in a saline environment was 
enhanced by wet-dry cycles, evaporation, and K+-ions fixation at surface conditions. 
Burial depths and the increase of subaerial temperature were essential for illite 
crystallization and the increase of kaolinite crystallinity. The asymptotic CTD shape in 
illite indicates, at most, an overlap between different generations of illite and mixed 
layer I-S in clays. The variations in CTD shape of kaolinite (asymptotic, multimodal, and 
lognormal) explain the occurrence of two generations of kaolinite growth coincident 
with the continual increase of the present-day depths of the rock formations.  
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Table (1) :Summary for XRD data between 3 -15  2 .

Name of 
Sample 

Air-dried 
(2 ) (d ) (d )

Ethylene-
glycolated 
(2 )  (d )

(d ) Heated (550 C)
(2 ) (d )

Clay
mineral 

6.2    14.25 shifted to 5.0 17.67 collapsed to 9.04     9.8 S 

n.d.     n.d. n.d.  n.d. 6.54    13.5 I-Ch 
.

8.88     10 
slightly

increased
to

8.68  10.10 slightly shifted 
to 9.04      9.8 I

n.d. n.d. 10.3  8.6 shifted to 9.04      9.8 I-S

12.42  7.13 12.2  7.25 12.62    7.02 Ch 

YAM

12.48  7.09 12.34 7.17 destroyed K

8.02  11.02 separated 
to two 
peaks:

1) 5.2 17.0 
2) 8.8 10.0 

1)collapsed to 
2) unchanged 

8.8      10.0 
8.8      10.0 

Mixture 
of I and 

one layer 
S.
S
I

TAF

12.32  7.18 unchanged 12.32 7.18 destroyed K 

6.92  12.7 separated 
to two 
peaks:

1) 5.4  16.3 
2) 7.2  12.3 

1)collapsed to 
2) 

8.8      10.0 I-S
S

I-S

8.8    0.0 slightly
shifted to 9.04  9.78 unchanged 8.8      10 I

MAH

12.38  7.15 unchanged 12.38  7.15 destroyed K 
7.7     11.5 unchanged 7.7 11.5 collapsed to 8.8      10 I-S 
8.94  9.89 unchanged 8.94  9.89 unchanged 8.94  9.89 I UI
12.4  7.13 unchanged 12.4  7.13 destroyed K 

8.92  9.91 v. little 
change 9.02  9.8 unchanged 8.92  9.91 ISIL

12.44 7.12 unchanged 12.48  7.2 destroyed K

(n.d. = non detected, S = smectite, I = illite, I-S = mixed layer illite-smectite, 
Ch = chlorite, I-Ch= mixed layer illite-chlorite, K= kaolinite). 

Table (2): D-spacing of the 001 reflection, means of crystallite size (CSmean) and 
thickness (Tmean) and CTDs shapes of PVP-illite and kaolinite vs. depths.

(A) PVP-illite (air-dried samples)  
Sample Depth(m) Mean size(nm) Thickness(nm) d-spacing(A� CTDs

   (nm) (A� shape 
YAM shallow 2.8 3.8 10.07 Asymptotic. 
TAF 950 3 4 9.83 Asymptotic 
MAH 1050 2.9 4 10.12 Asymptotic 

U I 1220 3 4.1 10.03 Asymptotic. 
SIL 1600 3.3 5.2 10.09 Asymptotic 
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(B) Kaolinite (heated samples at 350°C )  

Sample Depth (m) Mean size (nm) Thickness(nm) d-spacing(A� CTDs shape 

YAM shallow 3 7.5 7.13 Asymptotic 
TAF 950 3.7 11.3 7.17 Asymptotic 
MAH 1050 8.9 16.8 7.17 Multimodal 

U I 1220 10.7 14.7 7.13 Lognormal 
SIL 1600 10 14.7 7.16 Lognormal 
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Fig.3. XRD-patterns (air-dried, ethylene glycolated, heated at 550 C) of study samples. 
S=smectite, I-S= mixed layer illite-smectite, I=illite, K=kaolinite, Ch =chlorite,   
I-Ch= mixed layer illite-chlorite, Si = silicon wafer 
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Fig.4. Means of crystallite size and thickness for illite (a) and kaolinite (b) vs. depths. 
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Fig. 5. Shapes of PVP-Illite crystallite thickness distributions (CTDs) in the study 
samples using the BWA-method (MudMaster).  
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Fig. 6. Shapes of kaolinite crystallite thickness distributions (CTDs) in the study samples 
using BWA-method (MudMaster).  




