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ABSTRACT
This paper reports our efforts to model the effects of grain size, recrystallization, creep, and texture on overall rock 
strength within the Earth’s mantle during the Genesis Flood. Our study uses experimental rheological data obtained 
from the mineralogical literature for olivine, which is an important mantle mineral. We apply an Internal State Variable 
(ISV) constitutive model within the framework of the TERRA finite element code to capture the subscale structures 
and their associated dynamics, strength, and viscosity effects during the Flood episode. Our numerical investigations, 
in both 2D and 3D, that include the improved deformation model reveal even more clearly that the potential for mantle 
instability enabled an episode of catastrophic plate tectonics to occur. This mantle instability arises from the extreme 
weakening behavior resulting from the relationship between microstructural features (herein texture, recrystallization, 
and grain size) and thermomechanical properties (e.g., stress and viscosity) under the conditions of temperature, 
pressure, and strain rate within the mantle during the Genesis Flood. It is our conviction that such an episode played a 
major role in the global Flood described in Genesis 7-8.
KEY WORDS
mantle rheology, Internal State Variable model, catastrophic plate tectonics, Genesis Flood, TERRA earth model
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INTRODUCTION
The deformational behavior of rock under stress, that is, its 
rheology, plays a central role in the internal dynamics of the 
earth. Rock deformation is determined by the thermomechanical 
properties (e.g., elasticity, plasticity, viscosity, creep, and 
damage) of the minerals comprising the rock. Thermomechanical 
properties, in turn, are influenced profoundly by microstructural 
features such as grain size, phase transformations, dislocations, 
and texture (crystallographic orientation). Interestingly, many of 
these microstructural features can result in orders-of-magnitude 
reductions in rock strength, such that the mantle as a whole 
deforms in a catastrophic manner (Baumgardner 1994). Because 
mantle rocks are polycrystalline and microstructural properties 
of individual constituent minerals play important roles, a 
comprehensive deformation model (Horstemeyer 1998) capable of 
handling all these microstructural variations is needed to explore 
the weakening mechanisms with scientific rigor (Horstemeyer et 
al. 2002). A central focus of this paper is a description of such 
a comprehensive deformation model that may be applied to the 
runaway dynamics and catastrophic plate tectonics of the Genesis 
Flood. 

The concept of Catastrophic Plate Tectonics (CPT) was introduced 
in Baumgardner (1986) and has been developed and refined 
over the past three decades (Austin et al. 1994).  Numerical 
simulations, both in 2D and 3D, have provided deeper insights 
into the weakening mechanisms that physically allow a runaway 
process to occur (Baumgardner 2003). However, previous 
simulations have employed simple deformation models based on 
thermally activated diffusional and strain-rate creep and a constant 
yield stress that assume no interactions among mineral phases. 
Sherburn et al. (2011) showed that the creep models widely used 

in the geophysics community typically do not capture elasticity, 
work hardening, and damage (e.g., faulting), even though these 
deformation mechanisms play significant roles. However, today 
more realistic models exist, especially within the metallurgical 
and engineering communities that do include these phenomena. 
Sherburn et al. (2011) presented a new constitutive model for the 
earth’s mantle, called an Internal State Variable (ISV) constitutive 
model that includes elasticity, plasticity, and creep regimes. Later, 
Sherburn et al. (2013) applied this ISV model to evaluate candidate 
weakening mechanisms related to static and dynamic recovery of 
dislocations in the mineral olivine. Despite that progress, many 
important features such as multiple mineral phases, variable grain 
size, and elastic stress limit (yield surface) models with pressure 
and temperature dependence had not yet been studied. 

This paper reports results of investigations that apply the ISV model 
with structure-property relations calibrated against experimental 
mineral data from the literature for olivine, which is the most 
important upper-mantle mineral in the framework of the TERRA 
finite element code. We explore the effects of grain size, creep, 
and texture (arising from plastic spin) on overall rock strength 
under possible conditions that existed in the mantle during the 
Genesis Flood. This study provides crucial new understanding on 
how the subscale heterogeneous structures and thermomechanical 
properties cooperatively act together to produce the extreme 
weakening that allowed the global Flood cataclysm to unfold as 
it did.

MATERIALS AND METHODS
1. Dependence of mechanical properties on microstructure
The mechanical properties of solids such as strength and viscosity are 
significantly influenced by their hierarchical multiscale structures, 



their morphology, and their stereology. When a solid (such as 
rock or metal) is subjected to stress, it first deforms elastically up 
to a certain point and then it deforms inelastically. Because the 
deformations that occur in the mantle typically are huge relative to 
the elastic limit (i.e., boundary between elasticity and inelasticity), 
we will be concerned primarily with inelastic deformation. In this 
study, we focus on the plastic deformation among the inelastic 
mechanisms. The plastic responses of mantle rocks depend in a 
fundamental way on several subscale heterogeneous structures and 
their interactions that can be coupled together on different spatial 
scales. In this section, some important multiscale features and 
their associated mechanisms that occur during plastic deformation, 
especially in the earth’s mantle, are briefly explained in order of 
length scale, from smallest to largest.

A. Dislocations
When polycrystalline materials like rocks deform plastically 
under stress, line defects at the atomic scale are generated within 
grains and at grain boundaries. These defects are known as 
“dislocations,” because the crystalline lattice is dislocated along 
a 1D line of atoms. Under certain thermomechanical conditions, 
these dislocations move in the grains to stabilize the material’s 
thermodynamic free energy and their motions lead to a reduction 
in the rock’s strength. The microstructural mechanisms related to 
these motions are referred to as “recovery.” Generally speaking, 
the number density of dislocations increases under deformation, 
and the interactions among dislocations as they move highly affect 
the material’s strength. In most cases, dislocation interaction 
increases the material’s strength, and this phenomenon is known 
as “work hardening.” During plastic deformation the material 
simultaneously undergoes both hardening due to dislocation 
interactions and weakening due to the recovery and annihilations 
of dislocations. The material’s strength is therefore determined 
by a competition between the two processes of hardening and 
recovery. Hence, understanding dislocation mobility, their density 
changes, and their interactions are crucial to correctly representing 
a material’s mechanical properties.

B. Grains
Polycrystalline rocks have stable crystal structures, and each 
individual crystal is known as a “grain.” Each grain in a rock 
has a specific shape, size, and orientation and shares polygonal 
boundaries with its neighboring grains. Grain boundaries can act 
as either a source or sink for dislocations. The diameter of a grain, 
called its grain size, affects the work hardening rate, because the 
boundaries act as barriers to inhibit dislocation motion. Hence, as 
the grain size decreases, the work hardening rate increases because 
the dislocations have less room to move (Hall 1951, 1954; Petch 
1953). This Hall-Petch effect can be succinctly stated that as the 
grain size increases, the material weakens.

Under certain thermomechanical conditions (e.g., pressure, 
temperature, and dislocation density), the grain boundaries can 
migrate to find energetically stable states. That is, the grain size 
changes until it finds a saturated state. This phenomenon is known 
as “grain boundary migration” or “grain growth.” Generally, under 
high temperature, the grain size increases as larger grains consume 
adjacent smaller grains. Under high pressure, grain growth is 
inhibited, however, because the thermodynamic activation energy 

barrier for the grain growth is raised. Hence, the resultant grain 
growth depends upon multiple thermomechanical quantities. 

In addition to grain growth, grain size reduction (or refinement) 
can also take place as a consequence of plastic deformation. This 
occurs when new small grains nucleate inside of the original grains 
or at the grain boundary. This phenomenon is known as “dynamic 
recrystallization.” For a geological example, dynamically 
recrystallized microstructures with very fine grains are commonly 
observed in highly deformed rocks like mylonite, a metamorphic 
rock found in zones of high shear such as folds or faults. Many 
laboratory studies have shown that dynamic recrystallization 
indeed occurs with dramatic grain size reduction (Hansen et al. 
2012; Karato et al. 1980; Ohuchi et al. 2015; Van der Wal et al. 
1993; Zhang et al. 2000).

C. Crystallographic Preferred Orientation (CPO) or texture
As discussed earlier, each grain of a polycrystalline material has its 
own orientation. However, during plastic deformation, the grains 
undergo rotations so that the grains display a distinctive average 
orientation. This distribution of grain orientations is known as 
“deformation-induced crystallographic preferred orientation 
(CPO)” (Karato 2012). In geophysical studies, researchers compare 
CPO observed in laboratory studies with the seismological wave 
data from the mantle to gain insight into the mantle’s plastic 
deformation history (Mainprice et al. 2000). A high-fidelity model 
able to predict the CPOs of mantle minerals for various types 
of deformation could potentially utilize seismic observations 
from today’s mantle to gain important insight into the mantle’s 
deformation that occurred during the Flood cataclysm.

D. Mineralogical compositions of the earth’s mantle 
The earth’s mantle is thought to comprise at least eleven different 
minerals across its depth (Karato 2012; Ringwood 1991; Stixrude 
and Lithgow-Bertelloni 2011). As the depth increases, the dominant 
upper mantle minerals (olivine, pyroxenes, and garnet) undergo 
phase changes to other minerals with different crystalline structures 
due to increased pressure and temperature. These physical changes 
are known as “solid-solid phase transformations.” 

Most of these phase changes occur in the lower portion of the upper 
mantle between depths of 410 and 660 km, a region known as the 
mantle transition zone. The three main transition zone minerals 
are wadsleyite, ringwoodite, and majorite (Al-deficient garnet). 
Small amounts of clinopyroxene and Ca-perovskite can appear in 
the upper and lower portions of the transition zone, respectively 
(Irifune et al. 2008; Wood and Helffrich 2001). Since the dominant 
mineral phase in the upper mantle is olivine (approximately 60% 
in volume fraction), its various phases play significant roles 
throughout the mantle. At 410 km depth, where the transition 
zone begins, olivine first transforms to wadsleyite. Near 520 km 
depth, wadsleyite further transforms to ringwoodite, which has a 
spinel structure. Near 660 km depth, ringwoodite decomposes into 
Mg-perovskite and ferropericlase. This phase transition marks the 
boundary between the transition zone and the lower mantle. Also 
in the 600-700 km depth interval, Ca-perovskite exsolves from the 
majoritic garnet, and some portion of the garnet transforms to Mg-
perovskite. Consequently, the lower mantle consists approximately 
of 70% Mg-perovskite, 20% ferropericlase, and 10% Ca-
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perovskite. The overall mineralogical volume fraction map of the 
earth’s mantle is shown in Fig. 1.   

With this mineralogical structure of the mantle in view, the 
inelastic mechanical responses of rocks obviously depend on 
the different length scales of structures embedded within each of 
its constituent minerals. As already mentioned, a rock’s plastic 
response to stress depends on dislocation mobility and interaction, 
grain size and grain boundary-dislocation interactions, and 
crystallographic preferred orientations. These in turn depend on 
pressure, temperature, strain rate (deformation rate), stress state, 
and mineralogical composition. Representing these dependencies 
and processes in an accurate manner is key to realistic modeling 
of catastrophic mantle dynamics and the associated plate tectonics 
during the Genesis Flood. The following section addresses the 
relationships between crystalline microstructures and the primary 
mechanisms by which rocks deform.

2. Important deformational mechanisms 
The complex manner in which minerals deform, combined 
with extreme pressures and temperatures of the earth’s interior, 
together with the fact that mineral compositions vary with depth 
make modeling mantle dynamics in a realistic manner a daunting 
challenge. Compounding this challenge is the fact that mechanical 
properties of all the relevant minerals cannot be easily measured. 
With these challenges in mind this study focuses on several crucial 
rheological mechanisms that must have played key roles during the 
worldwide Flood cataclysm.

A. Plasticity and creep
In physics and materials science, plastic deformation refers to 
the irreversible changes of shape of a solid in response to applied 
forces. Elastic deformation, by contrast, refers to the changes in 
shape from applied forces that disappear entirely when the applied 
forces are removed. When plastic deformation occurs, dislocations 
nucleate and their interactions either hinder their mutual motions 
(hardening) or annihilate one another (recovery). When the 
dislocation density and their interactions increase, dislocation 
motion can be inhibited, such that a solid’s resistance to further 
deformation increases. This increased resistance arising from 
interactions among dislocations increases the work hardening. 
Work hardening typically increases as the strain rate and pressure 
increase but decreases as the temperature increases. On the other 
hand, more recovery can occur when the strain rate decreases, the 
pressure decreases, and the temperature increases (Karato 2012; 
Kirby 1983). In the case of the earth’s mantle, where there are 
persisting stresses and ongoing irreversible deformation of the 
rock material, both creation of new dislocations and annihilation of 
existing dislocations are continuously taking place.
In the earth’s mantle, complicated thermal and mechanical states 
exist together. As the depth increases, the temperature and pressure 
simultaneously increase, and the competition between dislocation 
creation and annihilation determines the resulting rock strength at 
each depth. Because the strain rate during the Genesis Flood was 
dramatically greater than at present, the influences of strain rate 
on the strength of mantle rock at the time of the Flood are also of 
paramount importance.
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Figure 1. Constitutional map of important minerals in the Earth’s mantle. The volume fraction of each mineral has been obtained by observations 
from geochemistry, geophysics, and experimental studies at the mantle like pressure and temperature conditions (Karato, 2012; Ringwood, 1991; 
Stixrude and Lithgow-Bertelloni, 2011). The most dominant minerals are olivine (Ol), wadsleyite (Wd), ringwoodite (Rw), Mg-perovskite (MgPv), 
and post-perovskite (Ppv) at their corresponding depths. The abbreviations for the data references represent that K,2012 for Karato (2012), R,1991 for 
Ringwood (1991), and S,2011 for Stixrude and Lithgow-Bertelloni (2011). Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; HPCpx, high pressure 
clinopyroxene; Gt, garnet; Mj, majorite; Wd, wadsleyite; Rw, ringwoodite; Mw, magnesiowüstite; Fp, ferropericlase; MgPv, magnesium perovskite; Br, 
bridgmanite; CaPv, calcium perovskite; Ppv, post-perovskite.



B. Recrystallization, dislocation-grain boundary interaction, and 
grain boundary sliding
As the temperature increases, new crystal grains are nucleated, 
and their sizes grow (recrystallization) consuming dislocations 
(i.e., plastically stored energy) and smaller grains. Because this 
recrystallization process decreases the dislocation density, the 
mantle’s strength also decreases when recrystallization takes place. 
The process of recrystallization is affected by pressure, temperature, 
strain rate, and dislocation density. As the pressure increases, 
recrystallization is inhibited due to the increase in activation 
energy. By contrast, as the temperature and the dislocation density 
increase, the recrystallization rate increases. The strain rate effect 
is more complicated, but, in general, the static component of 
recrystallization increases as the strain rate decreases, while its 
dynamic component increases as the strain rate increases (Derby 
and Ashby 1987; Doherty et al. 1997). 

As mentioned earlier, the interactions between dislocations and 
grain boundaries can harden the rock. As the grain size decreases, 
the total surface area of grain boundaries increases, so that the 
likelihood of dislocation-grain boundary interactions increases. 
This effect causes the dislocation density to increase and the 
rock strength also to increase. Since the grain size depends on 
temperature, pressure, strain rate, and dislocation density, the 
strength change associated with dislocation-grain boundary 
interactions kinetics is also a function of these factors. Conversely, 
because the diffusion rate of point defects increases when grain 
size is small, the strength of rock can also decrease when the grain 
size is small. Because the mineral crystal is covalently bonded, 
dislocation movement tends to be slow such that the diffusion of 
point defects can become more important than the interactions 
between grain boundaries and dislocations. Therefore, both these 
competing mechanisms (weakening and hardening at a certain size 
of grain) must to be taken into account.  

During the Genesis Flood, the high strain rates most likely favored 
grain size reduction. Under conditions of high strain rate and 
moderate temperature that likely prevailed in the upper mantle, the 
dynamic recrystallization process would have resulted in grain size 
reduction. Once the grain size is small, other grain size sensitive 
mechanisms like “grain boundary sliding” can become dominant. 
Indeed, recent studies (Hansen et al. 2012; Ohuchi et al. 2015) 
on the deformation of mantle rocks suggest that grain boundary 
sliding may be one of the primary deformation mechanisms in the 
upper mantle.

C. Effects of texture (deformation-induced CPO)
Another mechanism that can greatly reduce rock strength in 
the mantle is the deformation-induced CPO. During plastic 
deformation, the grains rotate at different rates, so the rock 
ultimately has a distinctive average grain orientation within a 
distribution of orientations. As explained earlier, a rock’s viscous 
strength is related to its resistance to further deformation. When 
the deformation-induced CPO is developed (i.e., when the grains 
are spinning plastically), resistance to deformation and hence 
the material strength is reduced. In the mechanics and material 
science community, these texture effects are also referred to as the 
“plastic spin” at the microscale (Dafalias 2000) and as “torsional 
softening” at the macroscale. The latter term has come into use 

because the stress-weakening effects are more prominent under 
torsional (shear) deformation than under uniaxial compressive or 
tensional deformation (Horstemeyer and McDowell 1998). This 
texture effect may have played an important role during the Flood, 
especially in regions of the mantle that experienced exceptional 
amounts of mechanical shear.

D. Phase transformation and multicompositional effects
When a phase transformation takes place, the newly nucleated 
minerals initially have a tiny average grain size with a very low 
dislocation density. The dominant deformation mechanisms 
such as grain boundary sliding and diffusion creep in these small 
grains significantly reduce the material’s strength. This argues 
that notable strength weakening ought to occur at phase change 
boundaries. Moreover, experimental observations pertaining to 
grain growth kinetics (Hiraga et al. 2010; Ohuchi and Nakamura 
2007; Tasaka and Hiraga 2013; Yamazaki et al. 2010) indicate 
that the grain growth rate is greatly reduced when a mineral is 
aggregated with other minerals. This suggests that, because most 
mantle rocks are composed of several different minerals, the actual 
grain growth rates in the mantle ought to be significantly smaller 
than what has been determined in the laboratory for single mineral 
compositions. Because such a large fraction of the mantle’s volume 
passed through the transition zone during the Flood, one might 
expect that weakening from grain size reduction may have played 
a significant role not only during the Flood but also for several 
centuries afterward.

3. A constitutive model for rheology of the earth’s mantle
As just discussed, multiple rheological mechanisms must have 
operated simultaneously in the mantle during the Flood. Because 
the interactions among mechanisms are so numerous and complex, a 
pencil and paper analysis is utterly incapable of yielding a confident 
level of understanding of the dynamics of the Flood cataclysm. 
Numerical simulations grounded in reliable observational data are 
necessary to explore such a complex problem. With this motivation, 
several authors (Baumgardner 2003; Sherburn et al. 2013) have 
developed numerical models in initial attempts to include some 
of the basic rheological mechanisms and explore the dynamics of 
earth’s mantle and lithosphere during the Flood.

In particular, Sherburn et al. (2013) implemented a plasticity Internal 
State Variable (ISV) constitutive model originally developed at 
Sandia National Laboratories (Bammann 1990; Bammann et 
al. 1993; Horstemeyer 2000). This work demonstrated that the 
ISV model has an impressive capacity for capturing essential 
mechanical behavior of metals, polymers, and mantle rocks. The 
ISV model utilizes material history variables to track the elastic 
and the plastic attributes of a material, including its hardening and 
recovery mechanisms governed by the material’s internal structure. 
From Sherburn et al. (2013), a crucial microstructural mechanism 
was identified that likely played a key role in the Genesis Flood 
event, namely, the dynamic recovery. The ISV model used in the 
study had been calibrated against experimentally measured stress-
strain data for the upper mantle rock type known as lherzolite. 
With dynamic recovery turned on in the ISV model, the TERRA2D 
simulations showed dramatic strength weakening in the mantle and 
catastrophic overturn of the mantle within a time span of only a 
few weeks. 
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Our present study builds upon Sherburn et al. (2013) and includes 
additional rheological mechanisms that likely played important 
roles and also contributed to the rapid runaway process of the 
cataclysm. These additions include the following:

1) Pressure dependence on the yield strength (we model the yield 
strength using a yield surface concept that defines the boundary 
between elasticity and inelasticity in all directions), of the 
hardening, and of the recovery in the ISV equations. Also, the 
texture effect was included in the hardening to capture stress-state 
dependent mechanical behavior.

2) We added a recrystallization model to investigate its overall 
effects on the runaway process. 

3) We added a grain size growth and reduction model that 
can track the grain size progression history. In this grain size 
model, the growth and reduction kinetics of olivine’s grains are 
simultaneously calculated based on actual laboratory data, and the 
average grain size is determined from a competition between the 
grain size growth and reduction. The resulting average grain size in 
turn influences the rock strength. 

What follows is a brief description of each of these additions to the 
overall ISV model.

A. Isotropic and kinematic hardening equations of the ISV 
constitutive model
A primary goal in the development of the ISV model was to capture 
the dislocation density changes that occur when a polycrystalline 
material is deformed. Toward that end, the ISV model attempts 
to represent as realistically as possible two main mechanisms 
related to the dislocation density change that simultaneously 
operate during the deformation: 1) hardening due to the dislocation 
density increase, and 2) weakening due to the dislocation density 
decrease. Work hardening occurs when the dislocations build up, 
while recovery occurs when the dislocations glide and annihilate 
on a slip plane (dynamic recovery) or climb on a slip plane 
that is perpendicular to the plane (static recovery). These two 
microstructural recovery mechanisms are essentially equivalent 
to the processes known within the geophysics community as 
dislocation creep and diffusion creep, respectively.

In the ISV model, two crucial quantities are the isotropic (κ) and 
kinematic (ᾶ) hardening, which  represent stress-like quantities 
arising from accumulations of statistically stored (isotropic) 
dislocations and geometrically necessary (anisotropic) dislocations 
during the deformation, respectively. Two hardening rate equations 
in the ISV model each include a hardening and two recovery terms 
as follows:

 (1)

   (2)
where H is the isotropic work hardening, h is the kinematic 
work hardening, Rd is the isotropic dynamic recovery, rd is the 
kinematic dynamic recovery, Rs is the isotropic static recovery, 
rs is the kinematic static recovery,  is the deviatoric inelastic 
strain rate, X is the recrystallized volume fraction, d0 is the initial 
grain size, d is the current grain size, and z is the grain size-stress 

exponent. All the hardening and recovery terms are dependent on 
temperature and pressure. When the pressure increases, the total 
hardening rate increases; whereas when the temperature increases, 
the hardening rate decreases. As shown in both Eqs. (1) and (2), 
the recrystallization and the grain size effects are included. These 
equations show that increasing the volume fraction of recrystallized 
grains decreases the work hardening rate. Also, as the grain size 
increases, both work hardening and static recovery decrease by 
the same factor; therefore, competition between the two grain size 
effects are automatically incorporated. In summary, a reduction in 
hardening translates to a reduction in rock strength.

B. Recrystallization
Experimental studies on recrystallization, for both metals and 
rocks, find that the rate of recrystallized grain volume fraction 
change tends to obey the following relationship:

(3)

where X is the recrystallized grain volume fraction (Brown 
and Bammann 2012). When old grains recrystallize, previous 
dislocations are destroyed as new grains are formed. As mentioned 
in the preceding section, as the recrystallized volume fraction 
increases, the material strength decreases. Based on these ideas, 
we developed the following mathematical description of the 
recrystallization process:

(4)

(5)

(6)

(7)
where Ẋdrx is the dynamically recrystallized volume fraction 
progression rate, Ẋsrx is the statically recrystallized volume fraction 
progression rate, μ is the shear modulus, X∞ is the maximum volume 
fraction of recrystallization, cx1 and cx3 are the recrystallization rate 
constants of dynamic and static recrystallization, respectively, cx2 
and cx4 are the temperature dependent constants, cdp and csp are the 
pressure dependent constants, cxa and cxb are the sigmoidal shape 
constants, and cx5 and cx6 are the maximum recrystallized volume 
constants.

C. Grain size kinetics
Grain size kinetics can be divided into separate growth and 
reduction components. The model for grain growth kinetics is well 
established. Since this grain growth mechanism is driven by the 
thermodynamic energy, the following Arrhenius type equation is 
typically used:

(8)
where d is the grain size, n is the grain growth exponent, k0 is the 
grain growth rate constant,  is the activation energy for the grain 
growth, P is the pressure,  is the activation volume for the grain 
growth, R is the gas constant, T is the temperature, a and b are the 
constants of volume fraction effect in a multi-mineral composition 

Cho et al.  ◀ Strength-reducing mechanisms in mantle rock during the Flood ▶ 2018 ICC

711



system, and vf is the volume fraction of primary mineral (olivine 
in this study). Clearly, the rate of grain growth increases as the 
temperature increases, pressure decreases, and the volume fraction 
of the primary mineral increases. 
Grain size reduction is logically related to dynamic recrystallization 
since dynamic recrystallization results in grain refinement. 
Therefore, we created a new formulation for the grain size reduction 
rate as follows:

(9)

(10)
where Xdrx is the dynamically recrystallized volume fraction, cx is 
the reduction rate constant, and ω is the steady-state grain size. 
Therefore, the total average grain size rate of change is the sum 
of the grain growth rate  and the grain size reduction rate 

(11)
The average grain size is used in the two hardening equations, Eqs. 
(1) and (2), as the model is stepped in time.
D. Grain size-stress relation
With changes in grain size during deformation, the degree of 
dislocation-grain boundary interactions and the diffusion rate 
also change. These mechanisms affect the rock strength. The 
relationship between the grain size and stress can be expressed as

(12)
where σ0 is the reference stress, d0 is the reference grain size, 
and z is the exponent. In order to describe the grain size effect on 
the stress, Eq. (12) has been incorporated into the two hardening 
equations, Eqs. (1) and (2).
E. Texture effect and stress-state dependence
Anisotropy can develop during deformation and plays a significant 
role in reducing the rock’s strength. The effect of anisotropy (i.e., 
plastic spin or torsional softening) therefore needs to be included 
in a mathematical description of mantle deformation. To treat this 
phenomenon, we employ the invariants of the deviatoric stress 
tensor in the same manner as Horstemeyer et al. (2000) used in their 
damage model. The second and third invariants of the deviatoric 
stress tensor are expressed

(13)
and

(14)
where J2 and J3 are the second and third invariants, respectively, 
of the deviatoric stress tensor , and the subscripts obey Einstein 
tensor notation. The hardening and dynamic recovery terms in the 
ISV isotropic and kinematic hardening equations are influenced by 
these two deviatoric stress invariants as follows:

(15)

(16)

(17)

(18)

where h is the pressure and temperature dependent kinematic 
hardening term, C9 is the material specific hardening rate constant, 
Ca is the torsional constant that differentiates torsional stress from 
other stress states, Cb is the tension/compression constant that 
differentiates tension and compression behavior, μ is the pressure 
and temperature dependent shear modulus, rd is the dynamic 
recovery in the kinematic hardening, C7 is the material-specific 
recovery rate constant, C8 is the temperature sensitivity constant of 
the dynamic recovery, C21 is the pressure sensitive constant of the 
dynamic recovery, P is the hydrostatic pressure, T is the absolute 
temperature, H is the isotropic hardening term, C15 is the material-
specific isotropic hardening rate constant, Rd is the dynamic 
recovery in the isotropic hardening, C13 is the material specific 
dynamic recovery rate constant, C14 is the temperature sensitivity 
constant, and C24 is the pressure sensitivity constant. Note that 
hardening terms h and H and recovery terms rd and Rd appear in the 
hardening rate equations, Eqs. (1) and (2).

F. Model calibrations based on the experimental rheological data 
for olivine
The procedure by which one obtains the material specific 
parameters and constants required by a mathematical model to 
describe a physical process is known as model “calibration.” For a 
calibration of the grain growth of olivine (or forsterite), we used the 
experimental data from Hiraga et al. (2010) and Tasaka and Hiraga 
(2013). Since their experiments were performed at temperatures 
comparable to those in the upper mantle, it is appropriate to 
use their data to calibrate the model temperature dependence. 
However, since the applied pressures in their experiments were 
very low compared to actual mantle pressures, their experimental 
results are not appropriate to calibrate the pressure dependence of 
grain growth kinetics. Hence, the pressure dependent parameter 
for the grain growth (i.e., activation volume) was simply set to a 
reasonable value, 3.0 x 10-6, which is close to an average among the 
other mantle minerals: 3.8 x 10-6 for garnets (Yamazaki et al. 2010; 
Paladino and Maguire 1970), 0.2 x 10-6 for perovskites (Yamazaki 
et al. 1996; Wang et al. 1999), and 4.4 x10-6 for ferropericlase 
(Tsujino and Nishihara 2009; 2010). The calibrated model and the 
experimental data are shown in Fig. 2.

Next, the grain size effect on the rock’s strength also requires 
calibration. Based on laboratory data for olivine (Hansen et al. 
2012; Karato et al. 1980; Van der Wal et al. 1993), the relationship 
between the grain size and the strength of olivine could be 
analyzed by using Eq. (12). The best calibrated exponent z from 
these experimental data was 0.8. The comparison between the 
experimental data and the model is shown in Fig. 3.

With these calibrated constants and parameters, the stress-strain 
behavior at various temperatures, pressures, and strain rates was 
finally calibrated by using the ISV constitutive equations. Using 
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Figure 2. Static grain growth experimental data performed by Hiraga et al. (2010) and Tasaka & Hiraga (2013). Squares, circles, and triangles represent 
the experimental data at various temperatures and pressures. The lines show the calibrated model using Eq. (8) using the least-square method. Note that 
these data cannot provide a pertinent pressure dependence of olivine’s static grain growth just because of the small range of pressures. Alternatively, we 
simply used an average dependence among the other mantle minerals for the pressure dependence (i.e., activation volume of the grain growth process).

Figure 3. Relationship between the grain size and the stress of olivine on a log-log scale. As the grain size increases, the stress decreases. The 
deformation experiments were performed by Hansen et al. (2012), Karato et al. (1980), and Van der Wal et al. (1993) at different experimental 
conditions. These data yield a consistent value for the exponent z in Eq. (12) of 0.8, regardless of the experimental conditions.



experimental data from the literature for olivine, we were able 
to calibrate our ISV model including pressure sensitivity within 
the reported experimental uncertainty. Considering uncertainty is 
important, because of the lack of experimental recrystallization data 
at higher pressures. However, Hansen et al. (2012) demonstrated 
that the recrystallization process weakens more than 90% of total 
hardening in olivine aggregates under deformations at 1473 K in 
temperature and 300 MPa in pressure. Based on this observation, 
we chose pressure dependent parameters that cause the volume 
fraction of recrystallization gradually to decrease as the pressure 
increases. By this means the weakening from recrystallization in 
this model is made to agree with experimental measurements. The 
comparison between the experimental stress-strain behavior and 
our calibrated model is plotted in Fig. 4, and the constants and 
parameters are summarized in Table 1. Once the recrystallized 
volume fraction increases, the stress-strain behavior shows a 
concave downward shape (i.e., the slope decreases).

In the present study, olivine’s properties alone were applied to 
the whole mantle, even though the mantle has multiple mineral 
constituents as well as important phase transitions. Hence, it is 
necessary for the present model to make large extrapolations of 
olivine’s mineralogical and mechanical properties because the 
large ranges of pressure and temperature across the mantle. In 
order to alleviate the unrealistic predictions, some parameters for 
the hardening variables were slightly reduced to the strength level 
that the few experimental studies (e.g., Girard et al. 2016) provide 
for mantle-like temperature and pressure conditions.  

G. Simulation setup in TERRA
Once the ISV model has been calibrated, the initial and boundary 
conditions for the finite element analysis using TERRA need to be 
identified.  In particular, for the purposes of this work we sought to 
capture the mechanics instability and associated runaway behavior 
exhibited in the Flood cataclysm. In the TERRA2D simulations, 
we used a rectangular grid with approximately 131,000 elements 
(512 on the surface and 256 through the depth) corresponding to a 
domain 5,780 km in width and 2,890 km in depth as displayed in 
Fig. 6 (the element size was approximately 11 km). The TERRA3D 
calculations used a grid with approximately 1,400,000 cells with 
the shape of hexagonal prisms (33 spherical layers of cells in radial 
direction with 42,250 cells in each shell). 

Regarding the initial microstructural states when the Flood started, 
more studies on these microstructural effects are frankly needed, 
because it is likely that microstructural rearrangements from flow 
and other processes in the mantle already had been taking place 
after the creation week until the Flood started. For example, the 
grains of the mantle rocks could have grown during that time from 
Day 3 of Creation until the Flood (~1600 years). Although these 
initial microstructural effects are not included in this paper, such 
effects might have played a crucial role in triggering the Flood itself 
(Horstemeyer et al. 2002). Regarding the initial grain size when 
the simulation started, it was simply set to 100 µm throughout the 
entire mantle. To alleviate numerical singularities, the statically 
and dynamically recrystallized volume fractions at the initial stage 
were set to a very low number, 5 x 10-7, instead of zero. Also, the 
initial hardening variables were set to zero. 

From a Biblical standpoint we have reason to suspect some 
uncertainty with the initial conditions in our simulations. The 
Bible seems to imply high rate, large, and complex deformation 
on Day 3 of Creation Week when God gathered the waters below 
the firmament together into one place and caused the dry land to 
appear.  Such an event almost certainly would have generated 
major heterogeneities throughout the mantle. Because we have 
no way even of guessing what those variations in microstructural 
properties were like, in this paper, we therefore assume very simple 
and largely uniform initial conditions and focus on the mantle 
dynamics and related weakening effects that develop from that 
admittedly simplified initial state. In future simulations we will 
explore the different possible deformational histories prior to the 
Flood.

The viscosity in our numerical models depends on the local 
temperature, pressure, and strain rate. Assuming that the strain 
rate was very low before the Flood began, we prescribe a depth-
dependent reference viscosity η using following equation:

(19)
where η0 is the reference viscosity,  is the activation energy for 
the mantle’s viscous response, P is the pressure,  is the activation 
volume for the pressure dependence, R is the gas constant, and T 
is the absolute temperature. In order to match closely the earth’s 
current viscosity structure, separate values for  E* and V*are 
applied to the upper mantle, mantle transition zone, and lower 
mantle (Baumgardner 1994). And the reference viscosity η0 was set 
to 1023 Pa·s. The initial viscosity structure used in these simulations 
is shown in Fig. 5.

Also because we do not know what the temperature distribution 
within the earth might have been at the onset of the Flood, we 
assume an extremely simple initial temperature distribution as 
depicted in Fig. 6. This distribution corresponds to a horizontal 
variation in temperature across the computational domain of a 
single period of the cosine function as follows:

(20)

where T is the absolute temperature, x and y are the horizontal and 
vertical points of the mantle domain in the TERRA2D, respectively, 
Tref is the depth dependent reference temperature profile to match 
the temperature gradient implied by the physical parameters from 
the Preliminary Reference earth Model (PREM) (Dziewonski and 
Anderson 1981), w and h are the width and height of the TERRA2D 
domain, respectively. We set the initial temperature to 300 K on 
the top surface and 3700 K at the core-mantle boundary with 
this complex thermal gradient in between. It is this non-uniform 
temperature distribution in the horizontal direction that drives the 
flow in the mantle which eventually becomes unstable because 
of the rock weakening mechanisms. The horizontal temperature 
gradient in the upper boundary layer produces flow toward the 
center of the domain which causes the middle part of the boundary 
layer to thicken. Eventually this middle part of the boundary layer 
becomes gravitationally unstable, and runaway of a cold blob of 
rock that had been in that boundary layer ensues. 
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Figure 5. Plot for the initial viscosity profile throughout the mantle’s depth in TERRA. The reference viscosity η0 is 23 in base 10 log scale. Based on 
Eq. (19), the pressure and temperature dependent initial viscosity profile was generated before the simulation starts.

Figure 4. Plot for experimental stress-strain curves (marks) of olivine and their calibrated results (solid lines) at various temperatures, pressures, strain 
rates, and stress states, using the ISV model constants (summarized in Table 1). The error bars show the uncertainty of each experimental datum. The 
ISV model fits most of the experimental data within its uncertainty range. In the legend, C and S represent uniaxial compression and shear (torsion) 
deformation, respectively. The next numbers with ‘GPa’ and ‘K’ indicate the pressure and temperature in each experiment, respectively. The next 
number with ‘s-1’ indicates the applied strain rate. Using this calibrated ISV model for olivine, TERRA calculates realistic mechanical properties at 
various temperatures, pressures, strain rates, and stress states. C,1984: Chopra and Paterson (1984); L,2006: Li et al. (2006); O,2015: Ohuchi et al. 
(2015); N,2008: Nishihara et al. (2008); D,2011: Druiventak et al. (2011).
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Table 1. Calibrated ISV model constants and parameters.
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Figure 6. Representation of the Earth’s mantle initial temperature structure in TERRA2D. Boundary temperatures are fixed at 300 K at the top boundary 
and 3700 K at the bottom boundary. Laterally, temperatures vary in accord with a single period of the cosine function except at the boundaries. UM, 
MTZ, and LM represent the upper mantle, the mantle transition zone, and the lower mantle, respectively.

RESULTS AND DISCUSSIONS
1. Mechanical effects of weakening mechanisms
Once the cold blob of rock begins to sink, an increasing amount of 
mechanical energy is dissipated as heat in the volume surrounding 
the blob; consequently, the temperature within the envelope 
surrounding the blob increases (Fig. 7) as first explained by 
Baumgardner (2003). This increased temperature near the blob also 
influences the microstructural features. First of all, the increased 
annihilation of dislocations weakens the rock near the blob. Second, 
the grain size of surrounding rock of the blob increases because of 
the increased temperature from the shear heating (Fig. 8). As the 
grain size increased, the interaction between dislocation and grain 
boundary decreases, which also leads to weakening. Therefore, 
the reduced strength of the rock surrounding the blob contributes 
strongly to the runaway process. 

Noteworthy is the fact that the downwelling blob’s grain size 
decreases to approximately 5 µm as a result of strong deformation 
combined with dynamic recrystallization under cold temperature. 
However, average grain size of the leading part of downwelling 
blob remains at approximately the initial value of 100 µm. This 
occurs because the leading part of the blob does not undergo large 
deformations due to its high strength (and high viscosity) because 
of its relatively colder temperature and the extremely high pressure. 
In essence, it acts like a penetrator moving hydrodynamically 
through a thick viscous target.

The most prominent mechanism that operates in the upper mantle 
is that of recrystallization. There the recrystallized volume fraction 
(i.e., the dislocation free volume fraction) increases to about 
87%; this dramatic reduction of the dislocation density (see Fig. 
9) leads to strong weakening. In particular, the rock surrounding 
the descending blob and the blob itself undergoes a large amount 
of the dynamic recrystallization. The reason for the absence of 
recrystallization in the transition zone and lower mantle, possibly 
may be attributed to the extrapolation that we were required 
to make beyond the limited pressure and temperature ranges 
provided in the available experimental data. Several experimental 
studies at high pressures and temperatures report the occurrence 
of recrystallization during deformation, although these results are 
largely qualitative at this point (e.g., Farla et al. 2015). A model for 

the recrystallization in the deep mantle is therefore an important 
future objective.
One more important microstructural process that caused a high 
level of strength weakening was development of texture, or 
deformation-induced CPO, which is related to plastic grain 
rotations (plastic spin). Under a shear-dominated stress state, the 
texture can be highly developed, causing strong weakening of solid 
rock. The shear-dominated stress occurs around the downwelling 
blob as shown in the plots of the spin tensor and shear strain (Fig. 
10). Therefore, the rock surrounding the blob was weakened 
additionally by the texture effect as we calibrated the shear stress-
strain behavior against the compression stress-strain behavior (see 
Fig. 4).
Fig. 11 shows the snapshots of plastic strains developed during 
the simulation. The heterogeneous degree of deformation (thus, 
heterogeneous microstructures) in the sinking blob can also be 
readily observed from the plastic strain. This result implies that 
the mantle’s physical properties and its microstructures would 
be very heterogeneous near the core-mantle boundary where the 
descending blob arrived. In fact, the seismic data from the earth’s 
interior have shown that strong heterogeneity currently exists 
near the mantle’s base, a region known as D˝. In addition, in the 
simulation most of the lower mantle was deformed only up to 
0.5 plastic strain, which is a very small strain compared to that 
of the upper mantle.  However, from an observational standpoint, 
a remarkably small amount of anisotropy throughout the lower 
mantle has been found in seismic investigations (Montagner and 
Kennett 1996), which implies a small degree of plastic deformation 
(and texture development). Even though more thorough studies are 
needed, these lines of observational evidence appear to match the 
simulated results of the present study reasonably well.  
The cooperative effects on strength weakening are clearly observed 
in the kinematic hardening, isotropic hardening, stress, and 
viscosity (Fig. 12) in our simulations. As shown in these stress and 
viscosity snapshots, the rock surrounding the sinking blob displays 
very low stress and viscosity values. An interesting feature in the 
stress and viscosity plots is the presence of distinct low viscosity 
bands. These low viscosity bands imply that the entire mantle feels 
the effects of the runaway instability that produces a catastrophic 
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Figure 7. Temperature snapshots from the TERRA2D simulation at the times of 5 days, 20 days, and 60 days after the Flood started. The arrows show 
the velocity fields of mantle flow. Initially, the cold blob rapidly descended with the maximum velocity of 1.1 m/s. As the gravitational potential energy 
decreases with time, the mantle’s downwelling velocity decreases due to the reduction of the driving force from the gravitational potential energy. At 
the top surface, the ascending plume pushes the cold dense rock toward the downwelling zone. Note that the increase in the temperature around the 
descending blob due to the shear (or frictional) heating. The shear heating decreases the viscosity of rock (see Figure 12) leading to the catastrophic 
runaway process.
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Figure 8. Average grain size snapshots at the times of 5 days, 20 days, and 60 days. The grain growth highly took place due to the shear heating in the 
surrounding rock of sinking slab. In contrast, the grain size inside of slab was highly reduced (down to 5 µm from the initial grain size 100 µm) due to 
the dynamic recrystallization. Since the sinking slab was deformed under relatively cold temperature, the grain refinement was dominated.
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Figure 9. Snapshots of the recrystallized volume fraction at the times of 5 days, 20 days, and 60 days. The volume fraction of dynamic recrystallization 
was high in regions where the deformation was larger. Most of the upper mantle was highly recrystallized since the recrystallization kinetics was more 
sensitive to temperature than pressure. By contrast, only little of the lower mantle was recrystallized because the recrystallization was suppressed by 
high pressure.



mantle overturn.
For this work the ISV model was implemented with the associated 
microstructural features successfully into the TERRA3D code 
making 3D simulations possible. Figs. 14-18 show the temperature, 
stress, average grain size, viscosity, and plastic strain, respectively, 
of an illustrative simulation. Just as in the 2D simulation, extreme 
strength weakening due to effects of recrystallization, grain size, 
and texture were observed. Strong mechanical and microstructural 
heterogeneities produced by the cold material that descended 
catastrophically from the upper boundary was also observed at 
the core-mantle boundary. Most notably, the low viscosity bands 
present in the 2D calculation were also clearly evident in this 3D 
case, even though the grid resolution was not that high in the radial 
direction. These low viscosity bands revealed that the entire mantle 
participated in the catastrophic runaway event.
2. Comparison of weakening mechanisms
Finally, we have undertaken a limited study to compare the relative 
importance of three of the strength weakening mechanisms: 
recrystallization (REX), grain size (GS), and texture (SS). Fig. 13 
summarizes the results of four comparison cases: 1) REX, GS, and 
SS; 2) REX and GS; 3) REX and SS; and 4) GS and SS. Fig. 13 
displays snapshots at a time of 30 days of the base 10 log of the 
norm of stress. 
To summarize the findings, without any of these three 

microstructural mechanisms, the mantle still shows a tendency to 
overturn in the catastrophic manner due to the shear heating and the 
recovery process as shown in the previous studies of Baumgardner 
(2003) and Sherburn (2013). However, with the three mechanisms, 
the strength of mantle is reduced even more. When the texture 
effect is turned off (Case #2), the overall mantle strength increases 
significantly such that the maximum flow velocity decreases by 
almost half. By comparison, the grain size and recrystallization 
mechanisms appear to have much smaller effects, but they 
nevertheless reduce rock strength in localized regions such as in 
the upper mantle and mantle near the cold descending blob. 

As discussed earlier, our recrystallization treatment in the 
transition zone and the lower mantle is limited in its realism by 
the lack of experimental data. In addition, our treatment of grain 
size dependence on rock strength, particularly for grain size 
sensitive mechanisms (i.e., weakening mechanisms when the grain 
size is small) such as diffusion creep and grain boundary sliding, 
needs improvement. The present model focuses primarily on the 
interactions between grain boundary and dislocations without deep 
consideration of the grain size sensitive mechanisms. When the 
grain size is significantly decreased by dynamic recrystallization, 
these grain size sensitive mechanisms might conceivably produce 
much more weakening than our present results indicate.

In spite of these limitations, our preliminary study of weakening 
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Figure 10. Snapshots of norm of spin tensor (or vorticity) and total shear strain (i.e., sum of elastic and plastic shear strain) at the first day. Both of the 
spin and shear strain were very high around the descending slab. From these snapshots, it is clearly shown that the surrounding rock of slab underwent 
high shear deformation by plastic spin.



mechanisms suggests that the texture effect, which arises from 
plastic grain rotations, plays a larger role than recrystallization and 
grain size role in reducing rock strength in most circumstances.

FUTURE WORK
From this study, the TERRA simulations demonstrated that the 
effects of grain size, recrystallization, and deformation-induced 
texture on the weakening of mantle rock strength are important 
and almost certainly played a notable role in the mantle dynamics 

responsible for the Genesis Flood. Nevertheless, our current model 
has major limitations. First of all, a multi-mineral composition 
treatment is urgently needed as we only used olivine. Our current 
treatment relies exclusively on the measured microstructural and 
mechanical properties of olivine. Since olivine exists only in the 
upper mantle, its microstructural and mechanical behavior cannot 
adequately represent the whole mantle. A multiphase model that 
reflects the mantle’s actual mineralogical composition and whose 
complete suite of microstructural parameters are derived from solid 
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Figure 11. Snapshots of the plastic equivalent strain at the times of 20, 60, and 150 days. Deformation in descended slab is highly heterogeneous; 
therefore, the microstructures of slab may be also very heterogeneous. In addition, overall lower mantle was rarely deformed compared to the upper 
mantle.
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Figure 12. Snapshots of the equivalent stress and viscosity in the base 10 logarithmic scale at the time of 20 days. Due to high strain rate, the viscosity of 
the entire mantle was significantly decreased from the initial reference viscosity that is comparable to the one of present day. Also, many low viscosity 
bands were observed. Because of the high pressure, the strength and viscosity in most of lower mantle were higher than in the upper mantle.

Figure 13. Comparison of the strength at the 30th day. In order to compare contributions of effect of each mechanism (recrystallization (REX), grain 
size (GS), and texture (SS)), we ran four simulations of different cases. The positive sign represents effect of that mechanism was turned on in that case. 
When the texture (plastic spin) effect was turned off, the maximum mantle flow velocity was decreased by almost half. From these preliminary case 
studies, this paper concludes that texture effect was the most significant in weakening the overall mantle rock strength.
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Figure 14. Temperature plots of TERRA3D simulation with the present ISV constitutive model at the times of 20 and 80 days. Note that the rapidly 
descending cold dense slab from the top surface.
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Figure 15. Equivalent stress plots from the TERRA3D simulation in the base 10 logarithmic scale at the times of 20 and 80 days. Highly hardened slab 
was deflected at the core-mantle boundary.
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Figure 16. Average grain size plots from TERRA3D simulations at the times of 20 and 80 days. Note the descended rock with highly refined grains by 
the dynamic recrystallization at the core-mantle boundary.
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Figure 17. Viscosity plots from the TERRA3D simulation in the base 10 logarithmic scale at the times of 20 and 80 days. The low viscosity bands that 
may play a role in increasing convection rate were also observed.
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Figure 18. Plots for the plastic equivalent strain from the TERRA3D simulation at the times of 20 and 80 days.



experimental and seismological investigations is clearly the goal 
for this type of high fidelity geodynamic model. 

CONCLUSIONS 
In this paper, we have improved the constitutive model for rock 
deformation by adding the structure-property relations in order to 
explore the mantle dynamics associated with the Genesis Flood. In 
particular, effects from grain size, recrystallization, and deformation 
induced texture were included. Our efforts are motivated by 
our conviction that the Biblical account of the Genesis Flood is 
genuine history. The TERRA results that use an improved rock 
deformation model clearly affirm earlier work that indicated the 
mantle’s inherent potential for runaway catastrophic overturn. 
This potential for the mantle instability arises from the extreme 
weakening behavior resulting from the relationship between 
microstructural features (herein texture, recrystallization, and grain 
size) and thermomechanical properties (e.g., stress and viscosity) 
under the conditions of temperature, pressure, and strain rate within 
the mantle during the Genesis Flood. This work demonstrates that 
this potential is genuine and thereby provides strong support the 
historicity of Genesis Flood as a global catastrophic event.
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