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Abstract The Rayleigh distillation isotope fractionation

(RDIF) model is one of the most popular methods used in

isotope geochemistry. Numerous isotope signals observed in

geologic processes have been interpreted with this model. The

RDIF model provides a simple mathematic solution for the

reservoir-limited equilibrium isotope fractionation effect. Due

to the reservoir effect, tremendously large isotope fractiona-

tions will always be produced if the reservoir is close to being

depleted. However, in real situations, many prerequisites

assumed in the RDIF model are often difficult to meet. For

instance, it requires the relocated materials, which are removed

step by step from one reservoir to another with different iso-

tope compositions (i.e., with isotope fractionation), to be iso-

topically equilibrated with materials in the first reservoir

simultaneously. This ‘‘quick equilibrium requirement’’ is

indeed hard to meet if the first reservoir is sufficiently large or

the removal step is fast. The whole first reservoir will often fail

to re-attain equilibrium in time before the next removal starts.

This problem led the RDIF model to fail to interpret isotope

signals of many real situations. Here a diffusion-coupled and

Rayleigh-like (i.e., reservoir-effect included) separation

process is chosen to investigate this problem. We find that the

final isotope fractionations are controlled by both the diffusion

process and the reservoir effects via the disequilibrium sepa-

ration process. Due to its complexity, we choose to use a

numerical simulation method to solve this problem by devel-

oping specific computing codes for the working model.

According to our simulation results, the classical RDIF model

only governs isotope fractionations correctly at the final stages

of separation when the reservoir scale (or thickness of the

system) is reduced to the order of magnitude of the quotient of

the diffusivity and the separation rate. The RDIF model fails in

other situations and the isotope fractionations will be diffu-

sion-limited when the reservoir is relatively large, or the sep-

aration rate is fast. We find that the effect of internal isotope

distribution inhomogeneity caused by diffusion on the Ray-

leigh-like separation process is significant and cannot be

ignored. This method can be applied to study numerous geo-

logic and planetary processes involving diffusion-limited

disequilibrium separation processes including partial melting,

evaporation, mineral precipitation, core segregation, etc.

Importantly, we find that far more information can be extracted

through analyzing isotopic signals of such ‘‘disequilibrium’’

processes than those of fully equilibrated ones, e.g., reservoir

size and the separation rate. Such information may provide a

key to correctly interpreting many isotope signals observed

from geochemical and cosmochemical processes.
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1 Introduction

The isotope fractionations occurred during separation

processes often involve the reservoir effect. Importantly, if

the size of a reservoir is limited, tremendously significant

isotope effects will appear at the end of the separation

process. Numerous important geologic and planetary pro-

cesses are related to such reservoir isotope effects, e.g.,

partial melting, evaporation, mineral precipitation, and

core segregation. To deal with such isotope effects, the

Rayleigh distillation isotope fractionation (RDIF) model

has been widely applied to those processes. For instance,

the RDIF was used as the theoretical basis for quantitative

interpreting isotope fractionations during crystallization

and melting processes in igneous rock systems

(Morse 2006), determining the natural gas genesis, source

rock type, maturity, and calculating the potential gas rate of

the source rock (Clayton 1991; Kinnaman et al. 2007),

studying the evaporation isotope effects in water for

obtaining information of the humidity and temperature

factors on the surface of the water (Stewart 1975; Bar-

Matthews 1996; Worden et al. 2007), determining the

extent of volatiles loss from samples such as tektites,

chondrites, and rock samples from the terrestrial planets

(Ritcher et al. 2002; Wimpenny et al. 2019), etc.

Traditionally, the RDIF model refers to a process of

isotope fractionation in an open system, in which the

products produced by a reaction or a separation process are

in equilibrium with the system (or the first reservoir), and

then are removed from the first reservoir immediately after

they are formed. The products will be relocated to the

second reservoir and isolated, i.e., they will not be inter-

acting with the first reservoir. After the removal of the

products, the RDIF model requires the first reservoir to

reach isotopic homogeneity immediately. Therefore, with

the repeating of the product-removal process, the isotope

composition of the whole first reservoir will be continu-

ously changed. If the size of the first reservoir is limited

and when its materials are almost running out, the conse-

quence of such a separation process will be prominent, i.e.,

it will always produce extremely large isotopic fractiona-

tions in the first reservoir compared to its initial value.

There are three assumptions used in the RDIF model: (1)

The two-phase separation is assumed in an equilibrium way;

(2) The separation is assumed to be unidirectional, i.e., there

are no backward interactions; (3) The first reservoir is

assumed to keep isotopically homogeneous all the time, i.e.,

it can re-attain homogeneity or equilibrium in time before the

next removal starts. However, these prerequisites, especially

the third one, are often difficult to meet in real situations. If

the first reservoir is large enough, it will be very difficult for

isotope exchange reactions to occur thoroughly for the whole

system in time. The third assumption will always fail easily

when the systems are silicate melts or solids. Under such

circumstances, the non-equilibrium or heterogenous distri-

bution of isotopes within the first reservoir is inevitable.

Consequently, the RDIF model will fail to explain the iso-

tope effects, and the actual isotope fraction will be much

smaller than the RDIF model’s prediction.

In this study, we try to quantitatively explain those

isotope effects involving reservoir effects and disequilib-

rium separation processes. Under such circumstances, the

final isotope fractionation results are caused by the Ray-

leigh-like repeating separation processes and the internal

isotopic heterogeneities are controlled by the diffusion

rates of different isotopologues. Previous studies have

shown that isotope fractionations can be produced by the

diffusion coefficients differences between different iso-

topes (e.g., Altabet and Francois 1994; Richter et al. 2003;

Richter et al. 2006; Jones et al. 2008; Zhang et al. 2010).

However, many experimental results suggest that the RDIF

will not happen if the diffusion rates in the silicate melts

are too slow (Davis et al. 1990; Wang et al. 1999). We find

that only under extreme situations the isotope fractiona-

tions can be assigned to the standard RDIF model, but for

most cases, the final isotope fractionations are indeed

governed by the combined effects of the Rayleigh-like

separation process and the diffusion-driven isotope

distributions.

2 Methods

In this paper, taking the process of mineral precipitation

from a solution or a silicate melt as an example, we con-

sider the phenomenon of isotope fractionation under the

influence of both the diffusion effect and the Rayleigh-like

separation reservoir effect. Mineral precipitation is a

common case of two-phase separation in nature. The

crystal and the solution or melt are equilibrated with each

other at their interface. Inside the reservoir, from the con-

tact interface to the deep part of the solution the solutes

(solved materials) exchange themselves by diffusion.

Therefore, the isotope ratio of the removed part (or the

precipitate) depends on the isotope ratio at the interface but

not the total isotope ratio in solution if the solution part is

sufficiently large.

The ‘‘isotopologue’’ refers to molecules that differ only

in their isotopic composition, e.g., H2 and HD are two

different isotopologues. The difference between two iso-

topologues’ diffusion rates controls the isotope fractiona-

tion between the interface and the deep part of the solution.

We use the classical continuous diffusion equation to

describe the thermodynamic phenomena in the studied

system and assume that the diffusion of isotopes follows
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Fick’s law. The function controlling concentration gradi-

ents of isotopologues in the liquid or molten phase should

be.

oC

ot
¼ D

o2C

ox2

Cjx¼0 ¼ C0

D
oC

ox
jx¼0 ¼ 0

D
oC

ox
jx¼h ¼ l

8
>>>>>>><

>>>>>>>:

ð1Þ

where C is the concentration of each isotopologue, D is the

diffusion coefficient of each isotopologue, l is the surface

flux of each isotopologue, Cjt¼0 is the concentration at the

starting time, D oC
ox jx¼0 and D oC

ox jx¼h are the gradients at the

interface and depth of the reservoir. Here it is assumed that

the interface is at boundary x ¼ h. At the boundary, it is

assumed that the system meets the standard Rayleigh iso-

tope fractionation conditions, e.g., the isotope fractionation

near the two sides of the interface reaches equilibrium, and

the isotope fractionation factor is the apparent fractionation

factor (a). If the real-time total flow l tð Þ is known, the flow

of different isotopologues at the interface can be

calculated.

These equations assume that there is only a concentra-

tion gradient along the x-axis in the system. This can better

approximate the situation encountered in the physical

simulation in the laboratory. At the stage of planetary

accretion, the system is closer to a 3D or spherical model.

In these cases, the differential equation will be slightly

different. In particular cases, the differential equation for

particular spatial configurations must be established to

predict the isotope effect. For the example to be discussed

in this paper, it is a reasonable assumption that there is only

a concentration gradient along the x-axis in the system, so

here only a one-dimensional case is shown.

Assume the fractionation factor at the boundary is a,

then there should be

lA þ lB ¼ lt
lB

lA

¼ a
CB hð Þ
CA hð Þ

8
<

:
ð2Þ

where lA andlB is the flow of each isotopologue; CA hð Þ
and CB hð Þ is the concentration of each isotopologue at

boundary x ¼ h. Thus, the boundary conditions of both

isotopologues depend on total surface flux and the frac-

tionation factor a:

lA ¼
CA hð Þ

CA hð Þ þ aCB hð Þ � lt

lB ¼
aCB hð Þ

CA hð Þ þ aCB hð Þ � lt

8
>><

>>:

ð3Þ

where lt is the total surface flux at time t. Together with

the initial conditions, the equations above (Eqs. 1, 2 and 3)

fully describe the behavior of different isotopologues in the

RDIF model. These equations are independent of different

isotopologues, so they can also be used to describe the

distribution of different trace elements. By assuming h is

infinite, Eq. (3) can be transformed and deduced out an

analytic or exact solution (Wang et al. 1999). Under such

an assumption, the isotope composition of the materials in

the deep reservoir will keep constant, but the isotope

compositions close to the interface will be continuously

changing and depend on the ratio of the diffusion rate and

the separation rate. Especially, the materials close to the

surface will have a constant gradient of isotope composi-

tion. In this study, we further investigate the cases when h

is not infinite. Since the boundary condition x ¼ h is con-

tinuously changing in the process, it is not easy to solve

these equations analytically. We have to solve them by

using a numerical simulation method.

2.1 Numerical experiments

Figure 1 shows the schematic diagram of the simulated

process. For ease of calculation and comparison, it is

assumed that a is a fixed and known factor. Note that this

coefficient may be a function of temperature, pressure, and

composition of the solution in real situations. If all the

conditions are known, our calculation method can also

handle the case where a constantly changes during the

fractionation. In this section, a is treated, or assumed, as a

constant that does not change during the fractionation, so it

will be easier to discuss how different parameters affect the

diffusion.

Transforming the original differential equations to dif-

ference equations, where x is the X-axis coordinate, t is

time, C is the concentration of each isotopologue and D is

the diffusion coefficient:

C x;tþDtð Þ�Cðx;tÞ
Dt

¼D
C x�Dx;tð ÞþC xþDx;tð Þ�2C x;tð Þ

Dx2

ð4Þ

which means

C x; t þ Dtð Þ ¼ D
Dt

Dx2
C x� Dx; tð Þ þ C xþ Dx; tð Þð Þ

þ ð1� 2D
Dt

Dx2
ÞC x; tð Þ

ð5Þ

where Cðx; t þ DtÞ depends on Cðx; t � DtÞ, Cðx; tÞ and

Cðx; t þ DtÞ, for nodes that are not on boundary.

Assuming the initial condition to be
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C x; 0ð Þ ¼ C0 ð6Þ

then the boundary condition on x ¼ 0 is

D
C Dx; tð Þ � Cð0; tÞ

Dx
¼ 0 ð7Þ

which means

C 0; tð Þ ¼ CðDx; tÞ ð8Þ

Thus, Cð0; tÞ depends on CðDx; tÞ.
For boundary condition on x ¼ h tð Þ ¼ L� vt,

D
C L� vt; tð Þ � C L� vt � Dx; tð Þ

Dx
¼ l tð Þ ð9Þ

which means

C L� vt; tð Þ ¼ C L� vt � Dx; tð Þ þ Dx

D
l tð Þ ð10Þ

where l tð Þ is the surface flux of each isotopologue, L is the

initial thickness, C L� vt; tð Þ depends on C L� vt � Dx; tð Þ
and l tð Þ.

For simplicity of calculation, we simply assume the

boundary of this system always moves with a constant

speed v. Then,

lt ¼ ðCA L� vtð Þ þ CBðL� vtÞÞ � v ð11Þ

For isotopologue A and B,

lA tð Þ ¼ CAðL� vtÞ
CA L� vtð Þ þ aCBðL� vtÞ � ðCA L� vtð Þ þ CBðL� vtÞÞ � v

lB tð Þ ¼ aCBðL� vtÞ
CA L� vtð Þ þ aCBðL� vtÞ � ðCA L� vtð Þ þ CBðL� vtÞÞ � v

8
>><

>>:

ð12Þ

In conclusion, with this numerical method, we can cal-

culate the concentration of isotopologues iteratively. For

Fig. 1 Schematic diagram of the simulated process. The first reservoir is the solution or the melt with solutes in it and as shown as the

‘‘Remaining Matter’’. The precipitated mineral is the second reservoir and as shown as the ‘‘Empty/Never Return’’. The orange cycles are

‘‘nodes’’ or ‘‘micro-elements’’ to represent a very small amount of materials at certain positions. From the left to the right, the decrease of nodes

represents the process that materials are removed from the first reservoir continuously until it is almost running out. l is the surface flux of each

isotopologue and it relates to the isotope fractionation occurred at boundary place (x = h). The flux is zero for all isotopologues at the boundary

place at the bottom side. Whenever time Dt passes, the most inner nodes inside of solution are first calculated. Then other inner nodes are

calculated. Then the real-time l is calculated. After that, the boundary nodes are calculated. If the boundary moves, the matter of the boundary

node is added to the new boundary node, which would cause some errors (Inherited Errors)
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each Dt, the concentration in the center depends on the

concentration at the last Dt. The concentration at the

boundary depends on both the adjacent concentration and

the flux lt.

With the removal of a node at boundary, its matter is

added to the new boundary node. There would be small

numerical errors as the boundaryh tð Þ ¼ L� vt moves in

this way (Fig. 1). We use a small time-step and an average

concentration on determining lt to minimize the error.

During the simulation, the variation of the isotope

concentration between adjacent micro-elements (or nodes)

may be small when the time and space are differentiated. In

practice, the diffusion coefficient and fractionation factor

are usually pretty small, and the difference value of the

concentration may exceed the precision limit of floats and

doubles. Therefore, we have adopted high-precision num-

bers (Multiple Precision Floating-Point, MPFR) for all

floats, which minimizes the systematic error caused by

insufficient calculation precision at the cost of computa-

tional multiplication.

3 Results

In order to investigate the effect of each parameter on

isotope fractionation, the following conditions as the basis

for comparison are set: a 100 cm long transversely

homogeneous melt, which was converted to another phase

in an approximatively Rayleigh-like fractionation condi-

tion in 50,000 years. The initial ratio of the two isotopo-

logues considered is 5:100, and the fractionation factor (a)

at the interface is 1.05. The diffusion coefficient of the two

isotopologues in the melt is close to about 1.0 cm2/year

(3.17 9 10- 12 m2/s), which approximates the diffusion

coefficient of a species in a molten silicate. Other envi-

ronmental factors, such as ambient pressure, temperature,

and composition of other substances in the melt, are

ignored in the calculations. These factors may affect the

absolute isotope fractionation factor, the rate of phase

change, or the rate of diffusion. The discussion excludes

the complicated influencing factors behind the variables to

simplify the model and uses a control variable method to

discuss the impact of these variables on the fractionation

process.

Given these conditions, we can simulate the change in

the isotope ratio at different locations in the melt over time

by calculating the isotope ratio at each time at each point.

This simulation provides a set of curves representing the

real-time spatial distribution of isotope ratios. These curves

are compared to the theoretical curve of the standard RDIF

model to verify how variables may affect RDIF.

3.1 The effect of diffusion coefficients on isotope

fractionation

As shown in Fig. 2, the diffusivity has a significant impact

on the fractionation result, when the chemical equilibrium

inside the remaining matter (or the first reservoir) cannot be

reached by diffusion. Blue lines are the spatial distributions

of isotope composition based on our calculation along the

length of the remaining matter. Following the separation

process, the remaining reservoir becomes smaller and

smaller and the blue lines become shorter and shorter. The

purple dashed lines are invariant and show the results of the

RDIF model. The red ‘‘?’’ character is the mean isotope

composition value of the remaining reservoir based on our

numerical simulation. The green line is the regression line

fitting those red mean values. With the increase of diffu-

sion rates (i.e., from left-top to right-bottom of Fig. 2), the

results will eventually approach the curve of RDIF model.

If we define a critical value Dcrit=L�v, where L is the

length of remaining matter, v is the separation rate. When

the diffusion coefficient is two orders of magnitude smaller

than Dcrit, the remaining matter’s internal isotope ratio is

almost no longer affected by the external fractionation

occurring at the boundary (Fig. 2, left-top inlet).

When the diffusion coefficient is approximately the

same order as Dcrit, diffusion, and Rayleigh fractionation

work together on the isotope fractionation result. When

Dcrit is much smaller than the diffusion coefficient D, the

interior of the system is always approximately equilibrium.

Only at that time, the system can be approximately treated

as the ideal RDIF model.

3.2 The effect of length on isotope fractionation

The size of the reservoir is described by a single length (or

thickness) variable. With all the other variables held con-

stant, the length variable is changed from 100–5000. The

deviation of the simulated results from the ideal RDIF

model gradually increases as the length increases (Fig. 3).

3.3 The effect of separation rate on isotope

fractionation

As shown in Fig. 4, as the separation rate is greatly

increased, the entire fractionation process is much closer to

a stripping process than a conventional Rayleigh fraction-

ation process. In the initial stage of the whole process, the

isotope ratio distribution outside the remaining matter is a

fixed shape. The average isotope ratio of the residue

decreases approximately linearly with the decrease of the

remaining matter.
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3.4 The effect of fractionation factor on isotope

fractionation

On the other hand, as shown in Fig. 5, the fractionation

factor does not significantly influence the deviation of the

simulated results from the ideal RDIF model.

The diffusion coefficient, thickness, and separation rate

determined the relative proportion of the diffusion effect

and the Rayleigh fractionation effect on the isotope ratio.

For isotope fractionation factors in this range:

0:8\a\1:2, the calculation shows that
aregressed�1j j

aideal�1j j \0:3

means D\0:1Lv, where D is the diffusion coefficient; L is

the thickness; v is the rate at which the thickness decreases

with time. Under this situation, the effect of diffusion will

become quite significant. And, with
aregressed�1j j

aideal�1j j \0:7 which

means D\0:5Lv, the effect of diffusion will start to be

observed.

3.5 On diffusivity differences of isotopes

Richer et al. (2003) summarized the diffusivity differences

of isotopes as follows D1

D2
¼ m2

m1

� �b
, where b is a parameter

to be determined from the experimental data. The reported

max value of b is for the lithium isotope system:

Fig. 2 Spatial distribution of isotope ratios (RBA ¼ CB=CA) over time. In Figs. 2, 3, 4, 5 and 6, the horizontal coordinates are the Length (or

thickness) of the system, and the vertical coordinates are isotope ratios. Diffusion rate is 0.01 cm2/year (left-top); Diffusion rate is 0.10 cm2/year

(right-top); Diffusion rate is 0.20 cm2/year (left-bottom); Diffusion rate is 1.00 cm2/year (right-bottom). The blue lines are the spatial distribution

of isotope ratios for different separation stages. The red dashed line with markers is the mean isotope ratio of each stage. The green dashed line is

the regression line for Rayleigh-like fractionation, and the purple dashed line is the ideal Rayleigh fractionation line
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bLi ¼ 0:215. Assuming that D1

D2
� 7

6

� �0:215 ¼ 1:0337, our

calculations show isotopes’ diffusivity difference has little

impact on these Rayleigh-like fractionations with a max

simulated Daregressed\0:00001 (Fig. 5).

3.6 Elemental partition

This model can also be used to simulate elemental parti-

tioning. In Fig. 6, we use the logarithm of concentration as

the Y-axis to show the simulation experiment’s concen-

tration result. The distribution of elements in a Rayleigh-

like but disequilibrium process exhibits similar behavior to

those of isotope fractionation cases. In addition, diffusion

effects can influence elemental partition more significantly

than isotope fractionation. This finding agrees with the

important issue raised by element partition results of many

previous studies on disequilibrium partial melting pro-

cesses (e.g., Qin 1992; Van Orman et al. 2002; Liang

et al. 2013; Liang and Liu 2016). Similarly, significant

disequilibrium melting results will occur when the chemi-

cal exchange between a residual mineral and partial melt is

too slow compared to the rate of melting.

4 Discussion

To test this model, we have studied several specific cases.

Fig. 3 Spatial distribution of isotope ratios over time with fixed separation rate (1 cm/500 year). Length 100 cm (left-top); Length 500 cm

(default) (right-top); Length 2000 cm (left-bottom); Length 5000 cm (right-bottom). The blue lines are the spatial distribution of isotope ratios

for different separation stages. The red dashed line with markers is the mean isotope ratio of each stage. The green dashed line is the regression

line for Rayleigh-like fractionation, and the purple dashed line is the ideal Rayleigh fractionation line

30 Acta Geochim (2023) 42(1):24–37
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4.1 Volatile loss

The isotope fractionation signals during evaporation can be

used to estimate the extent of the loss of volatiles. The

RDIF model is often used in this estimation. There are

many examples showing that the observed isotope frac-

tionation results mismatched the theoretical estimation

based on the Hertz-Knudsen equation (Richter et al. 2002;

Richter 2004; Richter et al. 2007) and the RDIF model.

People have suggested that those discrepancies are caused

by several reasons including the saturated vapor pressure,

vapor species, and disequilibrium process, etc. Here, the

disequilibrium situation will be tested.

Wimpenny et al. (2019) presented the results of Zn

isotope analyses about experimentally heated soil samples.

They heated soil samples as well as those environmentally

derived fallout melt glasses, and australite tektites to dee-

pen the understanding of the kinetic effects of zinc isotope

fractionations during thermal-driven evaporation.

The analysis of the major and trace elements of molten

glasses produced during the heating of rhyolitic and arkosic

soils shows that isotope fractionation becomes more and

more significant as temperature and time increase. They

assumed that the initial zinc isotope ratio in rhyolitic and

arkosic soils was similar to the upper continental crust

(UCC) value. The experimental results and the RDIF

model are used to obtain an isotope fractionation factor (a)

Fig. 4 Spatial distribution of isotope ratios over time, with different separation rate. Separation rate 1 cm/4 year (left-top); Separation rate 1 cm/

20 year (right-top); Separation rate 1 cm/100 year (left-bottom); Separation rate 1 cm/500 year (right-bottom). The blue lines are the spatial

distribution of isotope ratios for different separation stages. The red dashed line with markers is the mean isotope ratio of each stage. The green

dashed line is the regression line for Rayleigh-like fractionation, and the purple dashed line is the ideal Rayleigh fractionation line
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of 0.99879 ± 13. This factor is significantly different from

the theoretically predicted value (i.e., 0.985) based on the

Hertz-Knudsen equation (Richter et al. 2002; Richter 2004;

Richter et al. 2007).

We bring the conditions like those of the experiment of

Wimpenny et al. (2019) into our simulation model,

assuming that the temperature factor in the experiment

uniquely determines the diffusion coefficient and the sep-

aration rate, and using the enrichment factor to estimate the

evaporation factor. These simplifications and approxima-

tions will affect the reliability of the final results to a

certain extent. Rooting Wimpenny et al.‘s work, all sam-

ples’ evaporation time was not exceeding 120s, while the

enrichment factor was possible below - 90. Based on the

work of Baker and Watson (1988) and Koepke and Behrens

(2001), Wimpenny et al. (2019) estimated Zn diffusivities

of 3 9 10- 6cm2/s at 1600 �C and 2 9 10- 5cm2/s at

2000 �C.

For various samples at various temperatures in the

experiment, different simulation conditions are used for

numerical simulation. The fitting results show that the

disequilibrium separation process itself could cause the

experimental results. Figure 7 shows the results of Rhyolite

soil heated to about 2200 �C as an example. The pattern of

such spatial isotope distribution is related to the cases with

small diffusion rate (e.g., Fig. 2. left-top inlet) or fast

separation rate (e.g., Fig. 4. left-top inlet). The simulation

conditions in this fitting are a diffusion coefficient of about

Fig. 5 Spatial distribution of isotope ratios over time. a = 0.80 (left-top); a = 0.995(right-top); a = 1.005 (left-bottom); a = 1.25 (right-bottom).

The blue lines are the spatial distribution of isotope ratios for different separation stages. The red dashed line with markers is the mean isotope

ratio of each stage. The green dashed line is the regression line for Rayleigh-like fractionation, and the purple dashed line is the ideal Rayleigh

fractionation line
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2 9 10- 6 cm2/s, a total evaporation time of about 240 s,

and a sample diameter of about 3 mm. In this fitting, the

diffusion coefficient is slightly less than the estimated

value of Wimpenny et al. (2019). Under such conditions,

the isotope fractionation occurring at the boundary place

will not have a visible effect on the inner isotope ratio

during an extensive range of separation stages (as shown in

Figs. 2, 3 and 4). Correspondingly, the isotopic composi-

tion of the whole remaining system changes almost linearly

before half of the evaporation process. It can be seen

clearly that such experimental results are not appropriate to

be interpreted by the RDIF model.

4.2 CAI-like liquid evaporation

Experiments on molten Type-B CAIs exposed to high

vacuum suggested that the enrichment of heavy isotopes of

magnesium in the residue exhibited a Rayleigh distillation

fractionation curve (Richter et al. 2002). However, the

experimentally fitted fractionation factor does not meet the

theoretical expectations based on the Hertz-Knudsen

equation. The best-fit fractionation factor is much smaller

than the theoretically expected value. It is also in line with

our numerical simulation of the diffusion-driven and

Rayleigh-like disequilibrium separation processes.

Fig. 6 Spatial distribution of concentration of an element as an oxide in the melt over time. The partition coefficient a is set as 10. Diffusion rate

0.01 cm2/year (left-top); Diffusion rate 0.10 cm2/year (right-top); Diffusion rate 0.20 cm2/year (left-bottom); Diffusion rate 1.00 cm2/year (right-

bottom). The blue lines are the spatial distribution of isotope ratios for different separation stages. The red dashed line with markers is the mean

isotope ratio of each stage. The green dashed line is the regression line for Rayleigh-like fractionation, and the purple dashed line is the ideal

Rayleigh fractionation line
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Based on experimental conditions, Richter et al. (2002)

built a model based on the Hertz-Knudsen equation to

simulate the experimental results. Their model includes the

relationship between saturated vapor pressure and tem-

perature, oxygen fugacity and melt composition. It also

considers the diffusion effect in the melt and the evapo-

ration rate affected by the surrounding gas. They believe

that if the magnesium isotope anomaly in the TYPE-B

CAIs comes from a thermal process and the original Mg

isotope composition in the solar system is about even, then

this should mean that the loss of Mg in the process may be

between 0 and 50%.

We bring the experiment of Richter et al. (2002) into the

model described in this article and recalculate their simu-

lation. As mentioned above, only the assumption of the

condensed phase being in the one-dimensional direction is

considered in the model. At the same time, only the

behavior of the Mg isotopes in the system is considered.

Also, the rate of evaporation is assumed to be constant.

These simplifications are used to make it easier for people

to understand the isotope fractionation produced by this

model. The results of our model are compared with the

actual experimental results provided by Richter et al.

(2002). Our calculations meet almost the same shape as the

curve of experimental data (Fig. 8).

Under the conditions of time and thickness in the

experiment, when the diffusion coefficient is

6 9 10- 12m2/s, the simulation can obtain an apparent

fractionation factor, which matches the experimental result.

As shown in Fig. 8, the influence of the diffusion effect is

quite pronounced under this experimental condition. When

the total evaporation of magnesium is low, the fractional

distillation at the boundary will not affect the internal

isotope ratio. The isotope ratio near the boundary takes on

a fixed shape and moves inward as magnesium evaporates.

Therefore, the initial isotope fractionation value has a lin-

ear relationship with the evaporation of magnesium. As the

residual magnesium decreased, the fractional distillation at

the boundary began to affect the internal isotope content.

At this time, the Rayleigh fractionation effect began to take

effect. Therefore, considering only the overall isotope ratio

and fitting with the Rayleigh model, the best fitting frac-

tionation factor closer to 1 than the actual boundary frac-

tionation factor will be obtained.

4.3 Crystallization of magma

This model can also be used to simulate the crystallization

process of magma. Maner IV et al. (2019) used the RDIF

model to analyze the garnet crystal composition in granite

igneous rocks. Previous studies have shown that as the

crystallization process progresses, the ratio of iron to

manganese in garnets decreases, and the manganese con-

tent in garnets increases (Cerny et al. 1985). The garnet’s

Mn content gradually increases from biotite granite to

pegmatite, garnet muscovite granite (Miller and Stoddard

1981). However, experiments on the crystallization of

garnet from silicon melt have shown that manganese is

more compatible with garnet than iron at moderate pressure

and temperature (650–750 �C, 200 MPa) (Icenhower and

London 1995). Maner IV et al. believed that manganese’s

compatibility in other mafic phases (biotite, cordierite, and

tourmaline) was lower than that of iron, and the Rayleigh

fractionation’s effect had controlled the fractionation mode

of garnet in granitic igneous rocks. Thus, it can explain the

emergence of spessartine-rich garnets in the last stage of

granite magmatism.

However, various elements diffuse slowly in the melt at

moderate temperatures. According to the data from Zhang

et al. (2010), the diffusion coefficient in silicon melt sat-

isfies ln(D) = ln(D0)-E/RT, where D is diffusivity, D0 is

the preexponential factor, E is the activation energy, R is

the gas constant, and T is the absolute temperature. At

moderate temperatures (650 * 750 �C or about 1000 K),

the diffusion coefficients of Mg, Fe, and Mn are about

ln(D)=-35*-40. We imitated the conditions of Maner IV

et al. and simulated the change of MnO/FeO in the melt

according to the distance between crystals (based on the

backscattered electron image (BSEI)) and the partition

coefficient measured by their experiment. As in Fig. 9, it

Fig. 7 Comparison between our calculation results and experimental

data (Wimpenny 2019). The blue lines are the spatial distribution of

isotope ratios for different separation stages. The red dashed line with

markers is the mean isotope ratio of each stage. The green dashed line

is the regression line for Rayleigh-like fractionation. Red diamond is

experimental data from Wimpenny et al. For simulated data,

evaporation factor is ratio of residual substances to total substances.

For experimental data, evaporation factor is determined by enrich-

ment factor
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can be seen that the influence of the Rayleigh effect on the

Mn/Fe ratio in the melt is significantly weakened due to the

result of the diffusion effect at a relatively low temperature.

And the MnO/FeO ratio in the melt is sensitive to the

change of the diffusion coefficient, that is, the change in

temperature.

4.4 D/H ratio of Mars

It has long been observed that the D/H ratio of the Martian

atmosphere and meteorites is much higher than that of the

Earth’s oceans (Kurokawa et al. 2014; Villanueva et al.

2015). This observation may be due to a process similar to

Rayleigh fractionation caused by water loss from the sur-

face of Mars. However, modern observations also show

that the hydrogen isotope distribution on Mars is not uni-

form. Some basins and terrain depressions show relatively

higher enrichment, while the enrichment of high-altitude

areas is relatively low. (Villanueva et al. 2015). Therefore,

both the diffusion effect and the Rayleigh fractionation

process are likely to play an essential role in the loss of

water on Mars. The modern observed Mars D/H, based on

the results of our numerical simulation experiments, is

likely only to indicate the Rayleigh process in the final

stage of water loss. These data are difficult to estimate the

amount of water on Mars in the past. This means that the

water that was once on Mars may have been much more

than people expected today.

4.5 Evaporation experiments of synthetic forsterite

Davis et al. (1990) conducted the evaporation experiment

of synthetic forsterites (Mg2SiO4). The experimental

results show that almost no isotopic fractionation occurs by

evaporation in the solid state (1750 �C). The isotope

fractionations of O, Mg, and Si in the liquid state

([ 1900 �C) are slightly smaller than the results calculated

by the theory based on the Hertz-Knudsen equation. It is

thought that the influence may be caused by the diffusional

effects. Wang et al. (1999) conducted a solid-state simu-

lation experiment in the temperature range of

1500–1800 �C and measured the near-surface gradient of

isotope ratio. Based on their derived semi-infinite model,

the diffusion coefficient of Mg in the solid state and the

corresponding isotope fractionation factor at the interface

were deduced. The evaporative isotope fractionation factor

obtained by the semi-infinite model fitting is smaller than

that obtained by Davis et al. (1990) using the classical

Rayleigh distillation fractionation model.

Using the model suggested in this paper and bringing in

the experimental conditions used in Davis et al. the time

and space scale of the experiment and the isotope frac-

tionations obtained from the experiment, and also assumed

that at the surface the Mg isotope fractionation factor is

close to the theoretical Mg isotope fractionation factor a =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
24=26

p
=0.9608, it can be deduced that the diffusion

coefficients of Mg in liquid under experimental conditions

Fig. 8 Comparison between our calculation results and experimental data (Richter 2002). The left is the calculation results with

D = 6 9 10- 12m2/s. The red dashed line with markers is the mean isotope ratio of each stage. The green dashed line is the regression line for

Rayleigh-like fractionation, and the purple dashed line is the ideal Rayleigh fractionation line. The right is the experimental data from Richter

et al. It’s said that FMg ¼ 0:5d25Mgþ 0:25d26Mg. The purple dashed line is the ideal Rayleigh fractionation line with a ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
24=25

p
. The green

dashed line is the best fit given by Richter et al., and blue line is their experimental data
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are 2.4 9 10-9 m2/s at 1900 �C and 8.0 9 10- 9 m2/s at

2050 �C.

According to previous experiments, the diffusion coef-

ficient of Mg element varies greatly in different systems.

At the same temperature, the diffusion coefficient between

the fastest diffusing andesite system and the slowest dif-

fusing Na2O–CaO–Al2O3–SiO2 system can differ by about

three orders of magnitude (Zhang et al. 2010). The fitting

Mg diffusion coefficient results at 1900 and 2050 �C [i.e.,

ln(D)=-19.8, ln(D)=-18.6] are consistent with those

extrapolated ones based on olivine dissolution experiments

[i.e., ln(D)=-19.99 ± 1.88, ln(D)=-19.21 ± 1.84]

(Zhang et al. 2010; Chen and Zhang, 2008). It shows the

results of our model are reasonable.

5 Conclusion

The influence of internal heterogeneity caused by diffusion

on the Rayleigh-like separation fractionation must be

considered. Regardless of the scale of the system and

whether the effect of diffusion can be ignored, Rayleigh-

like fractionation always occurs, unless D� L � v. It is

proved that bringing the ideal interfacial fractionation

factor (a) to the results of this Rayleigh-like fractionation

does not yield the correct reaction factor. Also, the

regression fitting of isotope ratios at different stages did not

yield correct interfacial fractionation factors.

According to the calculations in this study, the RDIF

model may fail in predicting the bulk isotope ratio during

the earlier stages. The dominating effect can be diffusion

when the system has a relatively large scale, a fast sepa-

ration rate, and a low diffusivity. In these systems, the

standard RDIF model cannot give good approximate and

will give a relatively small interface isotope fractionation

factor. In the late stages, however, with the reduction of the

system’s scale, the isotopic behavior will be more like the

standard RDIF model.

Also, the fitted apparent fractionation factor is affected

by the diffusivity, separation speed, system thickness, and

ideal interfacial fractionation factor. The larger the diffu-

sivity, the slower the separation speed, and the smaller the

system thickness, the closer the apparent fitting fractiona-

tion factor is to the ideal interfacial fractionation factor.

Otherwise, the fitted a will be closer to 1.0. It means that

the theoretical isotope fractionation factors based on the

theory of Hertz-Knudsen (e.g., Richter et al. 2002) cannot

be used for such situations. Even if the diffusion rate is

slightly less than the one that can meet the perfect Rayleigh

distillation model, the isotope fractionation factor will be

significantly different from the one based on the Hertz-

Knudsen equation. On the other hand, the a obtained by

regression can be used to estimate the degree of deviation

from the Rayleigh fractionation model.
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Encrenaz T, Smith MD (2015) Strong water isotopic anomalies

in the martian atmosphere: probing current and ancient reser-

voirs. Science 348(6231):218–221

Wang JH, Davis AM, Clayton RN, Hashimoto A (1999) Evaporation

of single crystal forsterite: evaporation kinetics, magnesium

isotope fractionation, and implications of mass-dependent

isotopic fractionation of a diffusion-controlled reservoir. Geo-

chim Cosmochim Acta 63(6):953–966

Wimpenny J, Marks N, Knight K, Rolison JM, Borg L, Eppich G, Yin

QZ (2019) Experimental determination of Zn isotope fraction-

ation during evaporative loss at extreme temperatures. Geochim

et Cosmochim Acta 259:391–411

Worden J, Noone D, Bowman K (2007) Importance of rain

evaporation and continental convection in the tropical water

cycle. Nature 445(7127):528–532

Zhang Y, Ni H, Chen Y (2010) Diffusion data in silicate melts. Rev

Mineral Geochem 72(1):311–408

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds

exclusive rights to this article under a publishing agreement with the

author(s) or other rightsholder(s); author self-archiving of the

accepted manuscript version of this article is solely governed by the

terms of such publishing agreement and applicable law.

Acta Geochim (2023) 42(1):24–37 37

123



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2023-01-03T12:13:56+0530
	Preflight Ticket Signature




