
Introduction
The role of electrostatics in sand “saltation” is well known, including the dune formation 

(according to the modified Bagnold mechanism), as well as in the variations of the sand 
flows in dust storms and sand clouds in aeolology [1-4]. Despite the recent revision of some 
saltation mechanisms, in particular, the recently discovered non-monotonic dependence of the 
fluidity threshold on the particle diameter, electric field applied and the surface charge density 
(leading to the separation of conductive particles from dielectric ones in the flows due to a 
decrease in the fluidity threshold up to 31% for conductive particles and an increase in the 
fluidity threshold up to 76% for negatively charged dielectric particles due to electrostatics) 
[5], in general, various electrostatic phenomena are readily reproduced on the sand grains 
under laboratory conditions in elementary setups such as that described in [6]. Two parallel 
electrode plates are used to generate a uniform electric field simulating an atmospheric or 
aeolian electric field. Under the influence of the electric field, sand particles acquire an inductive 
charge and rise into the air. Their trajectories are recorded with a high-speed camera, which is 
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used to calculate the total charges of individual sand particles and 
their charge per a mass unit. The threshold electric field strength 
required to cause the sand particles to rise is also measured (it is 
known to increase with the grain diameter). This method does not 
allow to influence a single sand grain and to observe the dynamic 
phenomena accompanying saltation in which it participates 
(electrostatic multistability and reversible aggregation, particle 
rotation in vortex fields, etc.).

We propose to use time-resolved (including stroboscopic) 
scanning electron microscopy for this purpose, as the potential 
difference/field strength in the scanning electron microscope 
column can easily be programmed by varying the accelerating 
voltage on the cathode. Sand grains placed on a specialized platform 
with confining walls or in a “subchamber” (in the case of ASEM-
atmospheric scanning electron microscopy) exhibit dynamics 
strictly within the regions exposed to the electron beam. This 
allows monitoring their dynamics under the electron beam with a 
time resolution corresponding to the technical parameters of the 
detectors and a scanning system.

Materials and Methods
A time-resolved study of the dynamics of sand grains with 

different charges (including chemically modified ones) and sizes/
morphometric characteristics was performed for the first time using 
a custom-modified JEOL JSM T330-A scanning electron microscope 

in a TV mode with an ADC and video digitization module connected 
to a BNC connector output to a monitor (usually when using a TV 
mode). When recording video signals of the saltation dynamics of 
the sand particles with the recording parameters displayed in the 
address-time code/time code, a resolution from tens of milliseconds 
to milliseconds was achieved. The cathode voltage was varied from 
several kilovolts to 25 kilovolts.

Result
Sand particle rotation

Examples of the time-resolved images of the dynamics of 
calibrated sand grain models with the known charge, porosity, and 
morphometric characteristics (SILASORB) are shown in Figure 
(1a). One can see the rotation of one particle on the surface of 
another, which is governed by electrostatic forces. Rotation can be 
confirmed using a real-time 2D Fourier transform (we performed 
this using QAVIS software developed by the Pacific Oceanological 
Institute, Far Eastern Branch of the Russian Academy of Sciences): 
dynamics of 2D FFT changes in this series of rapid micrographs 
can be seen in Figure (1b). In some cases, particle precession can 
also be observed, as well as the phenomena similar to gyroscopic 
motion of a sand grain confined on the surface. After detachment 
from the surface, the particles are carried outward, sometimes 
beyond the scanning zone.

Figure 1: Rotation of a model sand grain: a-a series of micrographs; b-two-dimensional fourier spectra (2D FFT) 
obtained by QAVIS software.
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Sand particle bistability

Another extraordinary phenomenon observed under the 
electron beam is discrete dynamics of the particle rotation switching 
(when the sand particles “stop” at specific angular positions), as 
well as discrete transitions in the sand grain orientation between 
two (“bistability”) or more (“multistability”) states. Long-range 
particle displacements are also observed, presumably correlated 

with the grain size and its surface charge. They are detected using 
oscillographic techniques on the specific scanning lines. Examples 
of the above effects are shown in Figure 2a & 2b. The results of model 
experiments have been published earlier [7]. Such experiments 
can be reproduced on any sand, provided the electrophysical 
experimental conditions are met, and can also form the basis for 
classifying sands based on their dynamics.

Figure 2: Time-resolved oscilloscopic 1D scans of the model sand grain dynamics: a-rotation with intermediate 
phases; b-abrupt movement of a single particle.

Discussion
The approach developed may be used in geology, particularly 

to study the mechanisms of extraction of individual minerals from 
sands (a classic example, known from the works of R. Collings in 
the 1960s-the extraction of pyrite from Potsdam sands and the 
works of A. Oberrauner and H. Flachberger in the 2000-2010s 
on electrostatic separation of complex quartz-feldspar sands) 
using electrostatic methods. In the areas of geobiology and 
geomicrobiology, the above method can be used for the analysis 
and modeling of electrostatic effects of sand/dust storms affecting 
plant vegetation and physiological processes, as well as the soil 
microbiota during weathering [8]. It can also be useful for the 
study of adhesion and recombination of viral particles on sands 
with different charges, which has both geomicrobiological and 
geoepidemiological significance [9]. In terms of astromineralogy 
and geochemistry of exoplanets, the phenomena of electrostatic 
aggregation of sand granules on Mars (including in the Bagnold 
Dunes on Mars) are of great interest. These phenomena were first 
described in 1980 in the Reports of Planetary Geology Program by 

Marshall et al. and then in NASA report CP-10074 (Ames Research 
Center, Moffett Field, CA) in 1991 (in particular by D. Sentman and 
R. Leach). Essentially, it becomes possible to model the behavior 
of the sand particles or regolith under the influence of an induced 
electrostatic field (charging under an electron microscope beam) 
in a wide range of conditions-from the deep vacuum of space or 
cryovacuum (high-vacuum electron microscopy/cryomicroscopy-
HVEM/CryoHVEM) to the conditions similar to those on Earth 
or other exoplanetary surfaces (atmospheric and environmental 
scanning electron microscopy-ASEM/ESEM). Colocalization with 
WDXRS data allows one to correlate the dynamics or electrostatic 
charging with the particle composition, “bridging geophysics and 
geochemistry” in the studies of rapid sand/regolith dynamics.
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