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abStRaCt

Nanoindentation experiments were conducted to investigate the elasticity normal to the basal plane 
of six non-expandable, hydrous 2:1 phyllosilicate minerals (pyrophyllite, talc, biotite, two muscovite 
samples, and margarite) with layer charge z ranging from 0 to 1.823 per O10(OH)2. For the examined 
indentation depth h of ≤200 nm, the measured Young’s modulus E decreases with increasing h. Further-
more, the rate of reduction in the apparent E, in general, decreases with increasing z. The dependence 
of apparent E on h is attributed to indentation-induced inelastic deformation, particularly the defor-
mation related to the high local stresses beneath the indenter tip, such as kink band formation, layer 
delamination, void generation, and cracking, which tend to cause damage to the layer structure. To 
minimize the influence of inelastic deformation on the measurement of E by indentation, the maximum 
E at small h is proposed to be the truly representative elastic modulus. The stiffest species, margarite, 
with z = 1.823, has a representative E of 165.5 GPa, seven times greater than that of pyrophyllite with 
z = 0 and E = 23.5 GPa. A nearly linear correlation between the representative E and the square of 
the ratio of the surface charge density σ to half of the basal spacing d(001), [2σ/d(001)]2, exists. This 
relationship suggests that the elasticity normal to the basal plane of these phyllosilicates is primar-
ily controlled by the long-range electrostatic attractions between the 2:1 layer and interlayer cations 
instead of atomic bonds within the 2:1 layer, although other compositional and structural variations 
also affect the interlayer interactions. This relationship may indicate that the interlayer complexes can 
be used as the elasticity signatures of phyllosilicate minerals.
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intRoduCtion

Hydrous phyllosilicate minerals are ubiquitous in the geo-
sphere, and their elastic behavior significantly affects the stiff-
ness, compression, and stored elastic energy of the Earth’s crust. 
Common phyllosilicates, such as clay minerals, significantly 
affect the overall elastic behavior and propagation of seismic 
waves in crustal environments (e.g., Vernik and Liu 1997; Wang 
et al. 2001). The remote imaging and probing of Earth properties 
at increased resolution and accuracy using seismic waves require 
the knowledge of the elastic properties of all solid constituents 
in a geological stratum. Therefore, understanding the elasticity 
of phyllosilicate minerals has direct and significant importance 
for probing the geophysical signatures of minerals and rocks 
and for geophysical sensing of the compositions of the Earth’s 
subsurface and of the processes therein.

Phyllosilicate minerals are platy in shape, possess complex 
layer crystal structures, and are characterized by variable per-
manent layer charges, a variety of interlayer complexes, and 
distinctive basal spacings, d(001). These minerals consist of 
either discrete or mixed-layer sequences of fundamental 1:1 lay-

ers of 0.7 nm in thickness or 2:1 layers of 1.0 nm in thickness, 
with sub-nanometer interlayers, and hence they are naturally 
occurring nanostructured multilayer materials. These structural 
and compositional variations are expected to affect elasticity 
and related properties, such as seismic wave velocities and de-
formations. The elasticity of conventional continua, including 
most other aluminosilicate minerals, is controlled by atomic 
bonding (e.g., ionic, covalent, or metallic bonds) (e.g., Eberhart 
1996) where elastic deformation is typically caused by revers-
ible bond stretching, and inelastic deformation usually involves 
bond rearrangements or breakage (e.g., Baker et al. 2002). 
For phyllosilicate minerals, however, interlayer interactions, 
such as van der Waals forces, interlayer cation hydration, Born 
repulsion, and electrostatic forces between positively charged 
interlayer cations and negatively charged 2:1 or 1:1 layers, are 
generally much weaker than the atomic bonds within the 1:1 or 
2:1 layer. As such, these interlayer interactions may play vital 
roles in controlling the elasticity of phyllosilicates, particularly 
in the direction normal to the basal place. However, accurate, 
quantitative correlations between the interlayer interactions and 
elasticity have yet to be determined. Therefore, understanding 
the elasticity of these complex minerals is a fundamental query * E-mail: gzhang@lsu.edu


