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Element partitioning and diffusion in natural grains

Abstract: Interdiffusion within olivine represents a extensively researched phenomenon pivotal for understanding
element partitioning and facilitating time-series analysis, particularly in the determination of diffusion coefficients
and associated time-series studies. Such investigations find widespread application in geochronological studies. This
report begins with an exploration of fundamental principles of Fickian diffusion, followed by the examination of heat
diffusion within simplified systems. Subsequently, we undertake modeling of Fe-Mg interdiffusion in fosterite, aiming
to ascertain diffusion coefficients through examination of laboratory-grown samples, thereby validating the diffusion
model. Employing an Arrhenius fit, we derive activation energies for the olivine samples. Finally, leveraging this
model, we compute the total elapsed diffusion time for natural grains sourced from wvolcanic eruptions, thereby probing
the duration between the volcano’s active stage at specific pressure levels and the eruption event.

1 Introduction

Olivine, a prevalent silicate mineral, holds a significant
presence in various rocks, spanning from surface volca-
noes on both landmasses and ocean floors to the profound
layers of the Earth’s mantle. Moreover, it plays a vital
role in many extraterrestrial silicate specimens sourced
from celestial bodies such as the moon, Mars, and as-
teroids [7]. This extensive distribution owes to olivine’s
broad thermodynamic stability, uncomplicated chemical
composition, and structural characteristics. [1].

The rate of Fe-Mg interdiffusion in olivine holds sig-
nificance in several aspects. It influences the determi-
nation of closure temperatures for different ion exchange
geothermometers, aids in calculating cooling rates and
other thermal history details via compositional zoning
profiles, and contributes to understanding the point de-
fect chemistry within olivines. Moreover, these interdif-
fusion rates serve as a basis for interpreting data related
to other transport properties of olivine, including creep
rates and electrical conductivity [4, 5].

The chemical formula for olivine is (Mg,Fe)2SiOy, re-
flecting its composition primarily of Magnesium (Mg),
Iron (Fe), silicon (Si), and oxygen (O). It crystallizes in
the orthorhombic system, forming distinctive green crys-
tals. Olivine is commonly found in igneous rocks such as
basalt and gabbro and is also a component of the Earth’s
mantle. Its high density and hardness contribute to its
durability in geological processes.

2 The Diffusion Equation

Diffusion is the spontaneous movement of particles,
atoms, or molecules from regions of higher concentration
to regions of lower concentration, driven by random ther-
mal motion. The Fickian diffusion governs grain interdif-
fusion within crystalline structures, describing the grad-
ual movement of atoms between adjacent grains driven
by concentration gradients. In this mechanism, atoms
migrate through lattice vacancies or interstitial sites, fol-
lowing Fick’s first law of diffusion. The rate of diffusion
depends on factors such as temperature, atomic size, and
the presence of defects. In the case of grains, two elemen-
tal/mineral concentrations mix with each other through

diffusion at high temperatures. Understanding Fickian
diffusion in grain interdiffusion is crucial for elucidat-
ing processes like phase transformations, solid-state reac-
tions, and the evolution of microstructures in materials
science and engineering contexts.

The basic form of the diffusion equation can be given

by
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where C' is the concentration of the grain, x is the length

of the grain, and t is the time. If the diffusion coefficient
is independent of the length, then the equation becomes
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This report aims to model the interdiffusion in
forsterite mineral grains, i.e., Fe-Mg grains, to deter-
mine their concentration variation over time. We will also
compare them with experimentally obtained datasets and
check the goodness of our model. Finally, we will also use
this knowledge to obtain the time evolution of grain in
natural systems, i.e., grains obtained from actual volcano
eruptions, and understand when the volcano became ac-
tive.

3 1-D Heat Diffusion in Metal

Rods

Before moving into the modeling details, let us model
the diffusion first. We will begin with the simple exam-
ples from heat diffusion to set up the basis, then move
towards the application to complex grain systems.

3.1 Methodology - Finite Difference For-
ward Euler

We use the simplest method of all, the forward difference
method, using the forward Euler method to solve the dif-
fusion equation. In this method, the diffusion equation
is discretized based on a simple discretization scheme.
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where dt is the the time-step size and T7 is the tem-
perature at the j* time-step. Similarly, the derivative
and double derivative in spatial coordinates can also be
defined as dx is the spatial-step size and T; is the tem-
perature at the i*" spatial step.
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Together, the diffusion equation 2 becomes

U (s 1)

dt dx? (6)

We solved this iteratively using Python and obtained

the solutions. Let us explore some examples to under-
stand how it works.

3.2 Heat diffusion in one metal rod

3.2.1 Example 1 - A metal rod with both ends
at fixed temperatures

Consider a metal rod with length=1 m heated in a fur-
nace up to a temperature of 1000 K and then kept in
contact with two furnaces of 500 K and 100 K temper-
atures, respectively. The evolution of the temperature
of the rod is then observed. Table 1 shows the run pa-
rameters. Fig. 1 shows a contour plot showing the heat
diffusion.

Table 1: Parameters for example 1

Parameters Values
length of rod 1m

evolution time 5000 s
dt 0.1s

dx 0.01m

D 107% m?/s

Tinitial 1000 K
Tett 500 K
Tright 100 K
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Figure 1: Heat diffusion of a metal rod with both ends at
fixed temperatures

3.2.2 Example 2 - A metal rod with one end at
fixed temperature and the other end insu-
lated

Consider a metal rod with length=1 m heated in a fur-
nace up to a temperature of 1000 K, and then one of its
ends is kept in contact with a furnace of temperatures
400 K, and the other end is insulated. The evolution of
the temperature of the rod is then observed. Table 2
shows the run parameters. Fig. 2 shows a contour plot
showing the heat diffusion.

Table 2: Parameters for example 1

Parameters Values
length of rod 1m
evolution time 5000 s
dt 0.1s

dx 0.01m

D 104 m?/s

Tinitial 1000 K

Tright 400 K
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Figure 2: Heat diffusion of a metal rod with one end in-
sulated

3.3 Heat diffusion in two joint metal rods

3.3.1 Example 3 - Two metal rods joined to-
gether

Consider two metal rods of different kinds (different dif-
fusion coefficients) with length=1 m, each heated in a
furnace up to a temperature profile of Tinitial and Tinitial
given by eqn. 7 and 8.

Tinitial — _g00(z — 0.5)% + 1000 (7)
TQinitial _ —600(«75 _ 1,5)2 + 600 (8)

These are then joined together, keeping their extreme
ends insulated. The evolution of the temperature of the
rod is then observed. Table 3 shows the run parameters.
Fig. 3 shows a contour plot showing the heat diffusion.



Table 3: Parameters for example 1

Parameters Values
length of rod 1 1m
length of rod 2 1m
evolution time 5000 s

dt 0.1s

dx 0.05 m

D, 5x 107* m?/s
D, 107* m?/s
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Figure 3: Heat diffusion of two joint metal rods of differ-
ent kinds.

3.3.2 Example 4 - Two metal rods with varying
diffusion coefficients joined together

Consider two metal rods of different kinds (different
diffusion coeflicients, and these vary with length) with
length=1 m, each heated in a furnace up temperature
profiles of Tinital and Tiritial are given by eqn. 9 and 10.
Additionally, their diffusion coefficients Dy and D5, and
thermal conductivities k1 and ko are given by eqn. 11,
12, 13 and 14 respectively. The diffusion is governed by
1 instead of 2.

Tivital — _800(2 — 0.5) + 1000 ¢

Timitial — 600 (2 — 1.5)% + 600 (
Dy = 1073z + 10 (
Dy =9 x 10—4(1 — )+ 10-3 (12
ky = 10732 + 1074 (
ky =9 x 10741 — 2) + 1073 (

These are then joined together, keeping their extreme
ends insulated. The evolution of the temperature of the
rod is then observed. Table 4 shows the run parameters.
Fig. 4 shows a contour plot showing the heat diffusion.

Table 4: Parameters for example 1

Parameters Values
length of rod 1 1m
length of rod 2 1m
evolution time 10000 s

dt 0.1s

dx 0.05 m

D, 5x107* m?/s
D, 1074 m?/s
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Figure 4: Heat diffusion of two joint metal rods of differ-
ent kinds and varying diffusion coefficient.

The stability of the explicit Euler method is governed
by the Courant—Friedrichs-Lewy condition or the CFL
condition, which states that

dt

D 72 <0.5 (15)
This has the disadvantage of instability at a higher dif-
fusion coefficient, which can be removed at the cost of
high computation power. To overcome this, implicit
schemes were developed, using the information from the
previous and present time steps to obtain values at the
present time-step. The entire code for this part of the
project can be found in the "Heat diffusion in metal
rods" folder of ://github.com/chandan-kumarsahu/CP-
Project-Grain-Interdiffusion//.

With the introduction of the semi-implicit Crank-
Nicholson scheme, we move to the grain diffusion problem
statement.

4 Interdiffusion of grain concen-
tration in forsterite

forsterite is a common mineral belonging to the olivine
group, with the chemical formula MgsSiO4. It typi-
cally occurs in metamorphic rocks and is often associ-
ated with minerals like forsterite, fayalite, and peridotite.
Forsterite is characterized by its pale green color and
translucent to transparent appearance.

The interdiffusion of Iron and Magnesium in forsterite
plays a significant role in various geological and material


https://github.com/chandan-kumarsahu/CP-Project-Grain-Interdiffusion/
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science contexts. Iron (Fe) and Magnesium (Mg) are two
essential components of forsterite, and their interdiffu-
sion affects the mineral’s properties, such as thermal and
electrical conductivity. Understanding the kinetics and
mechanisms of iron-magnesium interdiffusion in forsterite
is crucial for interpreting geological processes like meta-
morphism and deformation in rocks containing this min-
eral. Moreover, it has implications for material engineer-
ing applications, particularly in understanding diffusion
processes in high-temperature materials and ceramics.
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Figure 5: Interdiffusion of forsterite [3]

As the temperature rises, the kinetic energy of the
atoms increases, allowing them to overcome energy bar-
riers and migrate through the crystal lattice. This inter-
diffusion primarily involves the exchange of Magnesium
(Mg) and Iron (Fe) atoms, as they are the most abun-
dant elements within the mineral. Iron atoms, typically
present in trace amounts in forsterite, diffuse into the
lattice and replace magnesium atoms, forming solid so-
lutions known as the series of olivine minerals. The rate
of interdiffusion is influenced by factors such as temper-
ature, pressure, and the concentration gradient of Iron
and Magnesium within the mineral. Higher tempera-
tures favor faster interdiffusion rates, resulting in a more
homogenized distribution of Iron and Magnesium within
the forsterite crystal lattice.

In this section, we apply the diffusion equation to
study the interdiffusion of Mg and Fe in forsterite. We
will first use laboratory-prepared grains of olivine sam-
ples that have undergone diffusion at a specific temper-
ature at a particular time to obtain the diffusion coefhi-
cient.

In the following section, we will use this knowledge
and estimate the time since the diffusion started in some
naturally obtained samples of forsterite from volcanic
eruptions to estimate the period since when the volcano
was active before erupting. This will enable us to un-
derstand the normal time period of volcanic activity and
make better predictions in the future.

4.1 Methodology - Crank-Nicholson

scheme

Due to stability issues, using implicit or semi-implicit
solver schemes is more convenient. Here, we use the
Crank-Nicholson semi-implicit scheme to solve the diffu-
sion equation numerically. The Crank-Nicholson method
is very efficient in solving partial differential equations,
particularly those describing the diffusion of heat or mass
transfer. It is a powerful approach that combines implicit
and explicit methods, providing stability and accuracy in
solving time-dependent problems. By averaging values at
current and future time steps, Crank-Nicholson strikes a
balance between computational efficiency and numerical
stability, making it widely used in various fields such as
computational fluid dynamics, heat transfer analysis, and
quantum mechanics simulations.

We begin by discretizing the diffusion equation given
in eqn. 2

j+1 j j+1 Jj+1 j+1
¢ -¢ D <0i+1 — 205 +Ci1> (16)

dt 2 dz?
D [Cl —207 +CI_
+5 ( +1 — 1) (17)

Now we separate the present time-step (j+1) and the
past time-step (j)

. D dt . . .
+1 +1 +1 +1)
ot - go (G 20t vl ) = )
. Ddt . . .
i+ o (Cla—20i +CL,)  (19)

Ddt
Taking 32 =0 we rewrite the equations as
z
(1+20) 0T —oCL — o0t = (20)
(1-20)C! +0C]  +0C]_,  (21)

We can now form a matrix for the two time-steps and
solve it.

MCitt = NCY
where
[14+20 —0o 0 0
—0 1+20 —0
M= 0 -0 1+20 . 0 (22)
Y
. 0 0 -0 1+20 |
(23)
[1-20 o 0 0
o 1—-20 o :
N= 0 o 1-20 . 0 (24)
: .. .. .. o
. O 0 o 1-20 |

It is noteworthy that vacuum boundary conditions
have been considered in this demonstration. For the case



of isolated boundary conditions, the discretized solution
has to be solved separately at the boundaries and then
applied to the matrices. The final answer i.e., 79! is
obtained as

CItl = MTINCY (25)

This solution, however, is the basic form of the Crank-
Nicholson method. We modify the scheme according to
our needs as follows. Asshown in Fig. 5, the Fe atoms are
initially outside the compartment, maintaining a natural
partition. When temperature increases, the Fe atoms dif-
fuse into the Mg partition, and Mg diffuses into the Fe
partition. This leads to taking two separate compart-
ments for Fe and Mg and then modifying the bound-
ary conditions to incorporate diffusion. Moreover, the
boundaries considered for our case of grain interdiffusion
are isolated boundary conditions.

4.2 Calculating the diffusion coefficient
from lab samples

This section will calculate the diffusion coefficient of Fe-
Mg forsterite laboratory-grown samples collected from
[1]. We use 4 sample data: OLID 8, OLID 9, OLID
10 and OLID 202. The data files and entire code can
be found in the Element Partitioning and Diffusion
folder of https://github.com/chandan-kumarsahu/CP-
Project-Grain-Interdiffusion/

4.2.1 OLID 10 dataset

Table 5: Parameters for OLID 10 dataset [1].

Parameters Values

Total length of grain 101pum

L, (pure Mg side) 46.5pum

Ly (Fe-Mg mixed side) 54.5um

Total time 360 hrs

dt 0.5 hrs

dx lum

Length offset 201pm

Temperature 1000 °C
log[f(O2)] -11.97 bars

Interdiffusion in Magnesium - OLID 10 data

1.000 4

« Data
model fit

0.975 4
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0.925 4

0.900 +
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Figure 6: Variation of concentration of Magnesium with
grain length in sample OLID 10

We perform a Root Mean Square Error analysis (RMSE)
on the dataset to match our model and obtain the best-
fit value for the diffusion coefficient. From table 5 and
Fig. 6, we obtain the diffusion coefficient

Dovip 10 = (2.842 £ 0.666) x 10~ *m?/s

4.2.2 OLID 8 dataset

Table 6: Parameters for OLID 8 dataset [1].

Parameters Values
Total length of grain 50um
L, (pure Mg side) 26.5um
Ly (Fe-Mg mixed side) 23.5um
Total time 164 hrs

dt 0.5 hrs

dx lum

Length offset Opm
Temperature 1100 °C

log[f(O2)] -12.02 bars

Interdiffusion in Magnesium - OLID_8 data

1.00 4
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Figure 7: Variation of concentration of Magnesium with
grain length in sample OLID 8

From table 6 and Fig. 7, we obtain the diffusion coeffi-
cient

Dorp s = (5.117 +0.799) x 10~ ¥m?/s

4.2.3 OLID 9 dataset

Table 7: Parameters for OLID 9 dataset [1].

Parameters Values
Total length of grain 173um
L, (pure Mg side) 96um
Ly (Fe-Mg mixed side) TTum
Total time 117 hrs
dt 0.5 hrs
dx lum
Length offset Oum
Temperature 1200 °C
log[f(O2)] -11.98 bars



https://github.com/chandan-kumarsahu/CP-Project-Grain-Interdiffusion/
https://github.com/chandan-kumarsahu/CP-Project-Grain-Interdiffusion/

Interdiffusion in Magnesium - OLID_9 data
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Figure 8: Variation of concentration of Magnesium with
grain length in sample OLID 9

From table 7 and Fig. 8, we obtain the diffusion coefli-
cient

Dovip 9 = (4.052 £ 0.053) x 10~'"m?/s

4.2.4 OLID 202 dataset

Table 8: Parameters for OLID 202 dataset [1].

Parameters Values
Total length of grain 188um
L; (pure Mg side) 83um
Ly (Fe-Mg mixed side) 105um
Total time 52.4 hrs

dt 0.5 hrs

dx 1um

Length offset Opm
Temperature 1300 °C

log[f(O2)] -12.04 bars

Interdiffusion in Magnesium - OLID 202 data
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Figure 9: Variation of concentration of Magnesium with
grain length in sample OLID 202

From table 8 and Fig. 9, we obtain the diffusion coeffi-
cient

DoLip 202 = (1.721 £ 0.004) x 107'%m? /s

The diffusion coefficient increases with temperature

governed by the Arrhenius equation

D = Dgexp (—é) (26)

where Dy is the diffusion coefficient at zero temperature,
@ is the activation energy and R is the gas constant.

We will fit the data points from all the samples to
obtain the values of @ and Dy.

_ Q
InD =1nD, RT (27)

or y=c+mz (28)

where  =1/T,y=InD, m = —Q/R and ¢ = In Dy.
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Figure 10: Straight line fitting of diffusion coefficients
on Arrhenius equation, datasets from OLID 8, OLID 9,
OLID 10, and OLID 202

Fig. 10 represents a straight line fitting over the ob-
tained diffusion coefficients. From this, we obtain the
values of Q and Dg as

Q = 236.641 kJ/mol

Dy = 9.81 x 1079m? /s

We use the Pearson coefficient to measure the goodness
of fit, which was found to be 0.9703, describing a decent
fit. The final fit has been shown in Fig. 11.
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Figure 11: Fitted Arrhenius curve

We conclude that our diffusion model agrees well with
the observed data from [1] and explains the interdiffusion
of Fe-Mg element partitioning very well.



4.3 Obtaining the diffusion time from
natural volcanic grains

We now work with actual samples collected from the
Mt. Etna volcano, which erupted on April 11, 2007,
and another volcano in San Pedro, Chile. In this
subsection, we use the three samples, namely Olb6a,
Ol6b, and SanPedro datasets. The data files and en-
tire code can be found in the Element Partitioning
and Diffusion folder of https://github.com/chandan-
kumarsahu/CP-Project-Grain-Interdiffusion/

In this case, the diffusion coefficients are calculated
separately using the following formula [5]

201000 + (P —105) - 7-107°

log (Dfevig) =~ 2303 -R-T (29)
1

+2- log(f02/1077) (30)

+3 (Xpe — 0.1) — 9.21 (31)

where Dge g 18 in m?2/s, T is in K, P and fO are in
pascals and X, is equivalent to the molar fraction of
fayalite or Iron in the olivine sample.

4.3.1 Ol6a dataset

Table 9: Parameters for Ol6a dataset [4, 5].

Again, we perform a root mean square error analysis
(RMSE) on the dataset to match our model and obtain
the best-fit value for the diffusion time. From table 9 and
Fig. 12, we obtain the diffusion time

tol6a = 56.4583 £ 0.0001 days

4.3.2 Ol6b dataset

Table 10: Parameters for Ol6b dataset [4, 5].

Parameters Values
Total length of grain 360um
L, (Mg side) 143um
Ly (Fe-Mg mixed side) 217um
dt 5 hrs
dx lum
Length offset S58um
Temperature 1083 °C
log[f(O2)] -9.02292 bars
Pressure 2 x 108 bars
Xre 0.2

Interdiffusion in Magnesium - Ol6b data

0.815 4

0.810 4

Data
—— model fit

Parameters Values
Total length of grain 355um
L; (Mg side) 143um
Ly (Fe-Mg mixed side) 212um
dt 5 hrs
dx lum
Length offset 46pm
Temperature 1083 °C
log[f(O2)] -9.02292 bars
Pressure 2 x 108 bars
Xre 0.2

Interdiffusion in Magnesium - Ol6a data

0.815 4

0.810 4

0.805 4

0.800 4

0.795 4

Mg concentration

0.790 4

0.785 4

Data
model fit

0.780 T T T T T
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Grain length (pm)

Figure 12: Variation of concentration of Magnesium with

grain length in natural sample Ol6a

Feeding in the values from table 9, the diffusion coefli-

cient was found to be

Doiga = 6.1875 x 1071 7m? /s

0.805

0.800 ~

0.795 +

Mg concentration

0.790 +

0.785

0.780 1

T T T T T T T T
[v] 50 100 150 200 250 300 350
Grain length (um)

Figure 13: Variation of concentration of Magnesium with
grain length in natural sample Ol6b

Feeding in the values from table 10, the diffusion coeffi-
cient was found to be

Do, = 6.1875 x 1071 "m? /s

Again, we perform a root mean square error analysis
(RMSE) on the dataset to match our model and obtain
the best-fit value for the diffusion time. From table 10
and Fig. 13, we obtain the diffusion time

town = 91.0417 £ 0.0002 days

4.3.3 SanPedro dataset

The San Pedro dataset shows poor quality, likely due
to prolonged diffusion time hindering efficient interdif-
fusion. Additionally, data precision at the pure end is
subpar. Therefore, we model only up to 300um of the
dataset, minimizing associated errors.

Feeding in the values from table 11, the diffusion co-
efficient was found to be

Dsanpedro = 4.2359 x 10717m? /s
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Again, we perform a root mean square error analysis
(RMSE) on the dataset to match our model and obtain
the best-fit value for the diffusion time. From table 11
and Fig. 14, we obtain the diffusion time

tSanPedro = 57.0833 £ 0.0001 days

Table 11: Parameters for SanPedro dataset [4, 5].

Parameters Values
Total length of grain 300pum
L; (Mg side) 21pm
Ly (Fe-Mg mixed side) 279um
dt 5 hrs
dx lum
Length offset 30um
Temperature 1083 °C
log[f(O2)] -10.37033 bars
Pressure 2 x 108 bars
Xpe 0.22

Interdiffusion in Magnesium - San_Pedro data

0.78 4

0.77 1

0.76 4

Mg concentration

0.75 A + Data

meodel fit

T T T T T
1] 100 200 300 400
Grain length (um)

Figure 14: Variation of concentration of Magnesium with
grain length in natural sample SanPedro

5 Discussion

Diffusion is a fundamental process that underlies a myr-
iad of phenomena in nature, including the mixing of sub-
stances, chemical reactions, and the transport of ma-
terials in biological systems. In section 3, we demon-
strated heat diffusion in a metal rod initially heated up
to some arbitrary temperature and allowed to cool. We
also showed the diffusion for different initial and bound-
ary conditions. Additionally, we showed heat diffusion for
two rods, which were initially heated to some arbitrary
temperature and then joined together, keeping their ex-
treme ends isolated. The results obtained were shown in
a contour plot.

In section 4, we modeled the interdiffusion of
forsterite grains for the diffusion of Fe atoms into Mg
compartment. We used four laboratory datasets from
[1] to calculate the optimum diffusion coefficients that
matches the observed trends. Using them, the activation
energy and absolute diffusion coefficient were calculated.

In section 4.3, we calculated the diffusion coefficient
using the relation given in [5] and used it to investigate

the total diffusion time of the grain. These results de-
scribe that the samples had undergone the active stage
of the Mt. Etna volcano 56.5 days for the Ol6a sam-
ple and 91 days for the Ol6b sample before the eruption,
while the San Pedro sample had undergone the active
stage 57 days before the volcanic eruption.

We report that the results obtained are in good agree-
ment with the reference values in [1], [4, 5]. The discrep-
ancies can be accounted for the pressure variations, Xp.
concentration variations, and errors while taking data.
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