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MD simulations using direct deformation method to apply to diffusion type plasticity have been carried out by means of

parallel computing with earth simulator. The direct deformation simulation of MgO can be conducted by anisotropic stress

conditions on single crystal induced Shottkey vacancies. The deformation can be measured by anisotropic mean migration dis-

tances of vacancies. 

The results can be obtained as follows: the anisotropic diffusion was possibly simulated by this method by applying the dif-

ferential stress, and secondly the negative activation volume and negative activation enthalpy for anisotropic diffusion were

obtained, and thirdly the diffusion creep resulted from anisotropic diffusion is proportional to the differential stress. These

results are consistent with those obtained previously by indirect method.

Keywords: flow law, viscosity, simulation rheology, vacancy, direct deformation

1. Introduction
The target of the numerical study of rheology of earth

materials is to obtain the flowage characterization both in the

mantle and the crust. The rheology must be the controlling

parameter of dynamics of the earth's processes, and the solid

earth simulation program requires strongly flow law and

frictional law of the mantle and crust materials in the wide

range of pressure, temperature and water pressure. However,

the experimental study is limited below 5 GPa and theoreti-

cal understanding of rheology is very limited, because of no

realistic model on plastic deformation of polycrystalline

materials (Karato et al., 1995). 

The project of simulation rheology group also involves

dislocation and vacancy dynamics in simple compounds not

only of MgO, MgSiO3, and Mg2SiO4 but also of clay and

zeolite minerals. Further, water structure and its effect on

rheology, and shear zone and plate boundary dynamics hav-

ing solid reaction of hydrous minerals and deformation are

also investigated by using ES.

2. Results 
The direct MD rheology of MgO has been performed as

following;

1. Introduction of neutral vacancy in periclase,

2. anisotropic stresses are applied instead of confining

pressure condition,

3. migration of vacancy can be measured from mean

square distance of vacancy, 

4. anisotropy of vacancy diffusion under stressed peri-

clase can be obtained as a function of pressure, temper-

ature and differential stress.

5. and the diffusion controlled solid state flow rate can be

determined from the anisotropy and diffusivity of

vacancy.

The MD simulation experiments have been carried out in

conditions from 5 to 100 Gpa and from 1000 to 5000 K in

the differential stress ranging from –10 to 10 Gpa. The diffu-

sion constant was calculated from the mean square distance

of vacancy migration divided by duration time followed by

Einstein' relation. The basic cell size was in this case 3000,

because the step size was need over nanoseconds. This is

why the anisotropic diffusion experiments of vacancy

require the enough precision in the determination of diffu-

sivity even by full ES system (512nodes). Here simulation

experiments were based on the Ito's tabling MD method

which reaches 1.5 power calculations on square n for n-body

problem of MD. 

In Fig. 1 the calculation scheme for anisotropic diffusion

under anisotropic stress condition is presented and it is sug-

gested the difference in space scale between natural and MD

system studied here. Even in this nanoscale rheology the

long time experiments must be needed for precise determi-

nation of diffusion anisotropy. The simulation experimental

results are shown in Figs 2 and 3. The figure 2 indicates the
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anisotropy defined by D1/D2 vs temperature and pressure. It

shows that the anisotropy ratio increases to unity with

increasing temperature and pressure, indicating that the

anisotropy decreases with these parameters. Considering the

strain rate proportional to D1–D2 = D1(1–D2/D1), the strain

rate should be largely controlled by temperature and pres-

sure dependences of diffusion constant. On the other hand,

the anisotropy ratio depends linearly on differential stress as

shown in Fig. 3, suggesting that the strain rate is proportion-

al to differential stress. Therefore, it is concluded directly

that then diffusion controlled plasticity is just Newtonian as

predicted by simple model on NH and Coble type creeps.

This is the first results by direct anisotropic diffusion experi-

ments by MD rheology. The figure 3 also indicates the sym-

metric relations in the negative and positive differential

stresses, indicating scarce crystallographic orientation

effects on anisotropic diffusion of vacancy in this study.
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the non hydrostatic stresses

Diffusion from gradient
of vacancy concentration 
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Fig. 1  Comparison of the grain scale deformation with nanoscale rheol-

ogy controlled by vacancy diffusion. Left; grain scale diffusion

creep (NH creep), and right; nanoscale deformation of crystal

due to vacancy migration under non hydrostatic stresses.
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Fig. 2  Simulation results by MD method of anisotropic ratio of diffusion constant D1/D2 versus temperature (left) and pressure (right).
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Fig. 3  Simulation results by MD method of anisotropic ratio of diffu-

sion constant D1/D2 versus differential stress value, indicating

the linear relation between them.
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3. Discussion
The rheology of the Earth' mantle and crust has been stud-

ied by high temperature and high pressure creep experi-

ments, but the ranges of these parameters were highly limit-

ed because of experimental difficulty (Yamazaki and Karato

2001). The upper bound of the experimental pressure is still

5Gpa in the normal case, but if the qualitative studies are

involved, the upper limits extend to 20–30Gpa reaching the

lower mantle conditions. The precise controls of differential

stress strongly require the gas-medium experimental devices

because of no friction between sample and device. This

implies that the lower mantle rheology in experimental

world is still beyond the science. The alternative approaches

should be tired for investigation of the whole mantle dynam-

ics together with earth evolution. Thus, the simulation rheol-

ogy of earth materials is strongly needed.

Two schemes of simulation rheology are possible: one is

the nanodynamics of dislocations and point defects (impurity

ions and vacancies) using known models of creep, and the

second is the direct simulation under the non hydrostatic

stresses with MD simulation. The present study has been car-

ried out to try the direct method of simulation rheology for

mantle materials. The results indicate the diffusion controlled

plastic flow depending linearly on the differential stress, indi-

cating the Newtonian creep. This results show the available

model of Nabarro - Herring creep having power exponent of

unity (Ando 1989). That model is based on the thermody-

namics of vacancy near the surfaces with neighboring grains,

and thus it depends basically the grain shapes which changes

with increasing plastic deformation. As a result, the strain

rate by NH creep should be time-dependent but not steady

state deformation.. However, the nanoscale deformation of

crystal controlled by anisotropic diffusion of vacancies must

be scale - invariant because vacancies should flow depending

on stress configuration within a single crystal. 

The temperature and pressure dependences of anisotropic

diffusion do not mean the characteristics of the flow law, but

the fast or slow diffusion coefficient must control the flow

law in the temperature and pressure dependencies because of

strain rate proportional to the difference between D1 and D2.

The activation volume has been obtained as positive to nega-

tive value near the 70 Gpa and the activation enthalpy as 586

kJ/mol on MgO by means of MD method previously

(Toriumi 2004).
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