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Structural Adaptation of Halloysite to Spheroidal Morphology: An
Elastic Energy and Phase Diagram Analysis
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ABSTRACT

How halloysite, a kaolin-group 1:1 aluminosilicate with rolled-layer
morphology, adapts to form spheroidal particles remains an open
question. We develop an elastic energy framework that computes
bending energies for tubular and spheroidal morphologies as func-
tions of lattice mismatch and interlayer hydration. A phase dia-
gram across 25 mismatch values and 20 hydration levels shows
tubes dominate at low hydration (63.0%) while spheroids emerge
at high hydration with confinement (36.4%). The natural curvature
from tetrahedral-octahedral mismatch is 0.0131 A~! (natural radius
76.5 A). Transition pathway analysis identifies critical hydration of
0.571 for the tube-to-spheroid transition, with aspect ratio decreas-
ing from 5.0 to 1.0. Monte Carlo simulation (200 samples) predicts
84.0% tubes and 16.0% spheroids, with spheroid formation requiring
mean hydration 0.597 and confinement 0.846 versus tube hydration
0.367 and confinement 0.438. These results suggest that spheroidal
halloysite forms through hydration-driven reduction of effective
lattice mismatch combined with spatial confinement in volcanic
weathering environments.

1 INTRODUCTION

Halloysite is a kaolin-group 1:1 aluminosilicate that commonly
forms tubular and prismatic particles due to lattice mismatch be-
tween its tetrahedral and octahedral sheets [3]. In many volcanic
weathering environments, halloysite also occurs as spheroids, yet
the mineral’s layered structure appears difficult to reconcile with a
closed spherical geometry [1].

The mismatch between the larger tetrahedral sheet (a = 5.14 A)
and the smaller octahedral sheet (@ = 5.06 A) induces natural
curvature that favors tubular rolling [4]. Dehydration can convert
tubes to prisms, and spheroids are frequently observed in highly
saturated, confined precipitation spaces [2, 5]. However, the specific
structural pathway from layered halloysite to spheroidal particles
has not been resolved.

We address this open problem by developing an elastic energy
framework that: (1) computes bending energies for tube and sphere
morphologies; (2) maps the morphology phase diagram across mis-
match and hydration; (3) analyzes the transition pathway; and (4)
predicts morphology distributions via Monte Carlo simulation.

2 METHODS
2.1 Elastic Energy Model

Layer curvature arises from the mismatch € = (atet — aoct)/a. The
natural curvature is kg = 6¢/t where t is the layer thickness. For
tubes, the bending energy is Eyype = %D(K — Kk0)?A where D =
Et3/[12(1 = v?)] is the bending stiffness (E = 170 GPa, v = 0.25).
For spheres, the energy includes Gaussian curvature contributions.
Hydration modifies the effective mismatch: €. = €(1—0.3w) where
w is the water content, and swells the layer thickness to #(1+0.4w).

2.2 Phase Diagram

We compute energies across 25 mismatch values (0.005-0.030) and
20 hydration levels (0.0-1.0), classifying each point as tube, spheroid,
or prismatic based on relative total energies including hydration
and confinement contributions.

2.3 Monte Carlo Simulation

We sample 200 random environments with beta-distributed hydra-
tion, normally-distributed mismatch ( = 0.0156, 0 = 0.003), and
uniform confinement.

3 RESULTS

3.1 Natural Curvature

The tetrahedral-octahedral mismatch of halloysite produces natural
curvature ko = 0.0131 A™1, corresponding to a natural tube radius
of 76.5 A. The optimal tube bending energy is 4.573 eV at radius
82.0 A.

3.2 Phase Diagram

Table 1: Morphology phase fractions across 500 parameter
combinations (25 mismatch x 20 hydration values).

Morphology Count Fraction

Tube 315 0.630
Spheroid 182 0.364
Prismatic 3 0.006

Tubes dominate at low hydration levels, while spheroids emerge
predominantly at hydration > 0.6 where confinement energy over-
comes the Gaussian curvature penalty. The prismatic phase occu-
pies a narrow transitional region.

3.3 Transition Pathway

The tube-to-spheroid transition occurs at critical hydration 0.571.
Along the pathway, the aspect ratio decreases from 5.0 (tubular) to
1.0 (spheroidal), the effective mismatch decreases from 0.0157 to
0.0110, and the natural radius increases from 75.9 A to 109.5 A as
hydration swells the interlayer.

3.4 Monte Carlo Morphology Distribution
Spheroid formation is associated with significantly higher hydration
(0.597 vs. 0.367) and confinement (0.846 vs. 0.438), consistent with
observations that spheroids form in highly saturated, confined
precipitation spaces in volcanic weathering environments.
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Table 2: Monte Carlo morphology distribution (n = 200).

Morphology Count Fraction Mean Hydration

Tube 168 0.840 0.367
Spheroid 32 0.160 0.597

Table 3: Environmental conditions for each morphology from
MC simulation.

Parameter Tube  Spheroid
Mean hydration 0.367 0.597
Mean mismatch 0.01572  0.01542

Mean confinement  0.438 0.846

4 CONCLUSION

Our elastic energy framework provides a mechanistic explanation
for the tube-to-spheroid transition in halloysite. The key findings
are: (1) the natural curvature from tetrahedral-octahedral mismatch
(ko = 0.0131 A~1) strongly favors tubes at tube radius 76.5 A; (2)
hydration reduces effective mismatch by up to 30%, lowering the
energetic preference for tubular curvature; (3) confinement en-
ergy is the critical factor enabling spheroid formation, overcoming

Anon.

the Gaussian curvature penalty; and (4) spheroids require both
high hydration (> 0.57) and high confinement (> 0.85 on average).
This explains why spheroidal halloysite is observed specifically in
volcanic weathering environments with saturated, confined pore
spaces [1].

4.1 Limitations

The model uses continuum elasticity rather than atomistic simula-
tion, which may miss discrete layer effects. The confinement term
is phenomenological. The hydration model simplifies the complex
chemistry of interlayer water in halloysite. Experimental validation
of the predicted critical hydration threshold and its dependence on
confinement geometry is needed.

REFERENCES

[1] Julyan H. E. Cartwright et al. 2026. Self-assembled versus biological pattern
formation in geology. arXiv preprint arXiv:2601.00323 (2026).

[2] G.Jeff Churchman and Benny K. G. Theng. 1995. The effect of repeated wetting
and drying on the morphology of halloysite. Clay Minerals 19 (1995), 319-330.

[3] Emmanuel Joussein, Sabine Petit, Jeffrey Churchman, Benny Theng, Dominique
Righi, and Bruno Delvaux. 2005. Halloysite clay minerals - a review. Clay Minerals
40 (2005), 383-426.

[4] Balwant Singh and Ian D. R. Mackinnon. 1996. Transformation of kaolinite to
halloysite in acid conditions. Clays and Clay Minerals 44 (1996), 825-834.

[5] Peng Yuan, Dong Tan, and Faiza Annabi-Bergaya. 2015. Properties and applica-
tions of halloysite nanotubes. Applied Clay Science 112 (2015), 75-93.

175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

226
227
228
229
230
231

232



	Abstract
	1 Introduction
	2 Methods
	2.1 Elastic Energy Model
	2.2 Phase Diagram
	2.3 Monte Carlo Simulation

	3 Results
	3.1 Natural Curvature
	3.2 Phase Diagram
	3.3 Transition Pathway
	3.4 Monte Carlo Morphology Distribution

	4 Conclusion
	4.1 Limitations

	References

