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Anatomy of a metabentonite: Nucleation and growth of illite crystals and their coalescence 
into mixed-layer illite/smectite
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AbStrAct

The illite layer content of mixed-layer illite/smectite (I/S) in a 2.5 m thick, zoned, metabentonite 
bed from Montana decreases regularly from the edges to the center of the bed. Traditional X-ray dif-
fraction (XRD) pattern modeling using Markovian statistics indicated that this zonation results from 
a mixing in different proportions of smectite-rich R0 I/S and illite-rich R1 I/S, with each phase having 
a relatively constant illite layer content. However, a new method for modeling XRD patterns of I/S 
indicates that R0 and R1 I/S in these samples are not separate phases (in the mineralogical sense of the 
word), but that the samples are composed of illite crystals that have continuous distributions of crystal 
thicknesses, and of 1 nm thick smectite crystals. The shapes of these distributions indicate that the 
crystals were formed by simultaneous nucleation and growth. XRD patterns for R0 and R1 I/S arise 
by interparticle diffraction from a random stacking of the crystals, with swelling interlayers formed at 
interfaces between crystals from water or glycol that is sorbed on crystal surfaces. It is the thickness 
distributions of smectite and illite crystals (also termed fundamental particles, or Nadeau particles), 
rather than XRD patterns for mixed-layer I/S, that are the more reliable indicators of geologic history, 
because such distributions are composed of well-defined crystals that are not affected by differences 
in surface sorption and particle arrangements, and because their thickness distribution shapes conform 
to the predictions of crystal growth theory, which describes their genesis.
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God made the bulk; the surface was invented by the devil.
—Wolfgang Pauli

IntroDuctIon

The clay mineralogy of a zoned, 2.5 m thick K-bentonite bed, 
first studied by Altaner et al. (1984), was revisited in a recent 
paper by McCarty et al. (2009). They used computer simulated 
X-ray diffraction (XRD) patterns (using the ASN program of 
Sakharov et al. 1982a, 1982b, 1983) to model air-dry and glycol-
solvated, oriented, <1 and <0.5 µm size separates of nine illite/
smectite (I/S) samples from the bed. The modeling showed that 
the mixed-layer clay was composed of a mixture of two phases, 
R0 and R1 ordered I/S, each phase having relatively constant 
illite layer contents that averaged (for the <1 µm fraction) 28 
and 63% illite layers, respectively. The R1 phase dominates near 
the edges of the bentonite bed, whereas the R0 phase is more 
concentrated toward the center, thereby giving rise to a zonation 
across the bed in illite layer content.

McCarty et al. (2009) accurately modeled XRD patterns of 
these MacEwan crystallites using Markovian statistics (Drits and 
Tchoubar 1990; Moore and Reynolds 1997), whereas the pres-
ent paper introduces a new method for calculating such patterns 
based on the random interaction of fundamental particles (FPs, 
also known as Nadeau particles; Nadeau et al. 1984). MacEwan 
crystallites are coherently diffracting stacks of fundamental illite 

and smectite particles (Fig. 1). Illite FPs are composed of two or 
more 2:1 layers that are coordinated by fixed interlayer potas-
sium ions, whereas smectite particles are composed of single 
2:1 layers. Both types of FPs have interlayer material (water, 
glycol, exchangeable cations) associated with their surfaces. 
When two or more FPs form a stack of particles, the particles 
swell at their interfaces, giving rise to smectite interlayers, to 
MacEwan crystallites, and, by interparticle diffraction, to XRD 
patterns for mixed-layer I/S.

Distinctions are made here between smectite fundamental 
particles, smectite interlayers, smectite, and mixed-layer illite/
smectite. A smectite FP is composed of a single, approximately 1 
nm thick, 2:1 layer, such as the uppermost particle diagramed in 
Figure 1. It has the layer charge of a smectite [i.e., approximately 
–0.3 to –0.6 equivalents per O10(OH)2]; but, if it exists as an 
isolated particle, it cannot swell. Smectite interlayers, which do 
swell, compose the interface between two FPs, either smectite 
FPs, illite FPs, or a combination of the two (Fig. 1). Smectite is 
formed from coherently diffracting stacks of smectite FPs. Illite/
smectite is composed either of smectite FPs interleafed with illite 
FPs (such as the MacEwan crystallite diagramed in Fig. 1), or 
exclusively of illite FPs.

The present paper will demonstrate that the study of FPs, 
rather than of MacEwan crystallites, offers greater insight into 
the mechanisms that form I/S, and into their geological context. 
Here, proof is offered that the concept of interparticle diffrac-
tion is correct. Furthermore, the origin of I/S and FPs can be * E-mail: ddeberl@usgs.gov


