Earth and Planetary Science Letters 513 (2019) 166-175

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Meteorite cloudy zone formation as a quantitative indicator of n
paleomagnetic field intensities and cooling rates on planetesimals S

Clara Maurel **, Benjamin P. Weiss ?, James FJ. Bryson "

a Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA

b pepartment of Earth Sciences, University of Cambridge, Cambridge, UK

ARTICLE INFO ABSTRACT

Ar ffC{E history: Metallic microstructures in slowly-cooled iron-rich meteorites reflect the thermal and magnetic histories
Received 4 September 2018 of their parent planetesimals. Of particular interest is the cloudy zone, a nanoscale intergrowth of Ni-
Received in revised form 29 January 2019 rich islands within a Ni-poor matrix that forms below ~350°C by spinodal decomposition. The sizes

Accepted 20 February 2019
Available online xxxx
Editor: F. Moynier

of the islands have long been recognized as reflecting the low-temperature cooling rates of meteorite
parent bodies. However, a model capable of providing quantitative cooling rate estimates from island
sizes has been lacking. Moreover, these islands are also capable of preserving a record of the ambient

Keywords: magnetic field as they grew, but some of the key physical parameters required for recovering reliable
planetesimals paleointensity estimates from magnetic measurements of these islands have been poorly constrained.
iron meteorites To address both of these issues, we present a numerical model of the structural and compositional
cloudy zone evolution of the cloudy zone as a function of cooling rate and local composition. Our model produces
spinodal decomposition island sizes that are consistent with present-day measured sizes. This model enables a substantial

cooling rates

. . improvement in the calibration of paleointensity estimates and associated uncertainties. In particular,
extraterrestrial paleomagnetism

we can now accurately quantify the statistical uncertainty associated with the finite number of islands
acquiring the magnetization and the uncertainty on their size at the time of the record. We use this new
understanding to revisit paleointensities from previous pioneering paleomagnetic studies of cloudy zones.
We show that these could have been overestimated by up to one order of magnitude but nevertheless
still require substantial magnetic fields to have been present on their parent bodies. Our model also
allows us to estimate absolute cooling rates for meteorites that cooled slower than <10,000°CMy~1.
We demonstrate how these cooling rate estimates can uniquely constrain the low-temperature thermal
history of meteorite parent bodies. Using the main-group pallasites as an example, we show that our
results are consistent with the previously-proposed unperturbed, conductive cooling at low temperature
of a ~200-km radius main-group pallasite parent body.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction The metal grains in iron meteorites, stony-iron meteorites and
iron-rich chondrites are dominantly Fe-Ni in composition, alloyed

Planetesimals, the ~1- to ~1000-km building blocks of plan- with some minor elements (e.g., C, S, P, Cr, Si; Goldstein et al.,
ets, accreted within the first few million years (My) of the so-  2009a). For bulk Ni contents between ~5.5 and ~19 wt%, the
lar system (Hevey and Sanders, 2006). The existence of iron and Widmanstitten pattern develops within the Fe-Ni alloy as an in-
stony-iron meteorites demonstrates that some of these planetesi- tergrowth of Ni-poor a-bcc (body centered cubic) kamacite and

mals underwent large-scale melting and differentiation (McCoy et Ni-rich y-fcc (face centered cubic) taenite during cooling between
al., 2006). As these planetesimals cooled and solidified, their metal ~800°C and ~600°C, with the precise temperature range depend-

grains progressively formed different microstructures and miner- ing on the bulk Ni and P contents (Yang and Goldstein, 2005)
als (Buchwald, 1975), whose existence and nature depend on the X

initial composition of the metal and its cooling rate. Understand-
ing their formation can provide key constraints on the history of
iron-rich meteorites and early accreted planetesimals.

During its formation, the growth of kamacite is controlled by
temperature-dependent diffusion such that the width of kamacite
lamellae strongly depends on the cooling rate of the meteorite. Be-
low ~350°C, another phase separation occurs in the portion of the
Ni-rich y-fcc taenite phase located near the kamacite/taenite in-
* Corresponding author. terface (Yang et al, 1996). This phase separation, called spinodal

E-mail address: cmaurel@mit.edu (C. Maurel). decomposition, results in the formation of the cloudy zone (CZ),
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a nanoscale intergrowth of ferromagnetic Ni-rich taenite crystals
(known as islands) embedded in a Ni-poor, paramagnetic matrix
with the structure of the fcc mineral antitaenite (Blukis et al.,
2017). Like the size of the kamacite lamellae, the size of CZ is-
lands is inversely related to the cooling rate.

For the past five decades, different techniques simulating the
diffusion-controlled growth of the Widmanstitten pattern have
been developed to determine the cooling rate of iron-rich me-
teorites (e.g., matching of the kamacite/taenite interface Ni pro-
file or central Ni content; Goldstein et al., 2009a). Because this
growth mostly occurs within ~100°C below the kamacite nu-
cleation temperature (Goldstein and Ogilvie, 1965), these tech-
niques provide an estimate of the meteorite’s cooling rate between
~700°C and ~500°C. These cooling rates have significantly con-
tributed to our understanding of the thermal evolution of mete-
orite parent planetesimals. For example, pioneering compositional
measurements of iron meteorites combined with thermal modeling
demonstrated that the parent bodies of all known iron meteorites
were planetesimals rather than Moon-sized objects (Wood, 1964;
Goldstein and Ogilvie, 1965). Cooling rate determinations also
showed that planetesimals were fundamentally sculpted by catas-
trophic impacts (e.g., the IVA iron parent body that may have
undergone one or several mantle-stripping impacts; Yang et al.,
2008).

The correlation between size of the Ni-rich islands in the CZ
and the cooling rate of meteorites has also long been identi-
fied as a potential cooling-rate indicator (Yang et al., 1997). Since
the CZ forms below ~350°C, it would provide cooling rate es-
timates ~200°C below those recovered from the Widmanstdt-
ten pattern, providing additional constraints on late events not
necessarily recorded by the Widmanstitten pattern like mild re-
heating or accretion of material (e.g., Goldstein et al., 2009b).
Any prolonged reheating above ~350°C would result in the re-
homogenization of the CZ region; if followed by an excavation,
the incompatibility between the slow kinetics of spinodal decom-
position (requiring cooling rates <10,000°CMy~!) and the fast
cooling (>1,000,000°CMy~!) of material exposed to space would
prevent the CZ from reforming. In addition, the nm size of CZ
islands (three orders of magnitude smaller than Widmanstdtten
structures) makes the CZ particularly sensitive to shock alteration
(Goldstein et al., 2009a). The presence of the CZ is therefore in-
dicative of a lack of reheating and shock events during the final
cooling of the parent body. Despite this potential, a quantitative
method has yet to be developed that provides an absolute estimate
of the cooling rate at ~350°C from experimental measurements of
CZ island size. Currently, island size measurements have only been
used to determine the relative cooling rates of two meteorites and
to relate the island size to the cooling rate at 700-500°C of a sin-
gle meteorite using an empirical power-law (Yang et al., 2010).

The CZ also has the capability to preserve a record of the
ambient magnetic field it experienced when it grew (Uehara et
al., 2011). Such a record could be used to investigate whether
a planetesimal generated a field by the dynamo process due to
the advection of its molten metallic core (e.g., Bryson et al.,
2015). This field-recording capacity is due to a phase transfor-
mation that occurs when the meteorite cools below 320°C at
rates <5,000°CMy~!. At this temperature, the ferromagnetic y -fcc
taenite forming the Ni-rich CZ islands transforms into a tetragonal
ferromagnetic mineral called tetrataenite (y”). The fact that CZ is-
lands are small (~15 to ~200 nm) and have the high magnetic
coercivity associated with tetrataenite (>1 T for the finest part of
the CZ; Uehara et al., 2011) makes them exceptionally robust mag-
netic recorders.

It is particularly challenging to isolate the natural remanent
magnetization (NRM) of CZ islands using traditional paleomagnetic
techniques initially developed for analysis of mm- to cm-sized

samples (Brecher and Albright, 1977). For example, one of the ma-
jor impediments is the abundance of large (>>>100 pm; Buchwald,
1975) multidomain kamacite grains, which can be easily remagne-
tized (Dunlop and Ozdemir, 1997) and could constitute the main
source of the magnetic signal when measuring an iron meteorite
sample. An alternative was recently developed to isolate the NRM
carried by tetrataenite CZ islands (Bryson et al., 2014b). Using
X-ray photoemission electron microscopy (XPEEM), the magnetiza-
tion of the CZ alone can be measured at the nm-scale along several
kamacite/taenite interfaces and used to calculate the relative ori-
entation and the intensity of the ambient magnetic field present
when the CZ grew.

Blukis et al. (2017) posed four fundamental questions that
should be addressed in order to obtain more accurate paleoin-
tensity estimates from XPEEM images of the CZ: 1) What is the
magnetic state of islands when they form? 2) What is their block-
ing temperature and how is their remanence changed when cool-
ing through this temperature? 3) What is their volume at blocking
temperature? 4) What is the influence of magnetostatic interaction
between islands? The authors addressed question 1) by showing
that the matrix phase of the cloudy zone is paramagnetic, imply-
ing islands can be seen as an ensemble of interacting grains of
taenite above 320°C, and of tetrataenite below this temperature.
Einsle et al. (2018) addressed question 2) both experimentally and
with micromagnetic simulations, in which they assumed the whole
crystallographic structure of an island readily orders at tetrataen-
ite formation temperature (320 °C). In this case, they showed that
any NRM acquired by the parent taenite is lost during the taen-
ite/tetrataenite phase transition and that an independent rema-
nence is recorded—implying that the blocking temperature of CZ
islands is 320°C, and that the CZ cannot provide a time-resolved
record of the ancient magnetic field, as first suggested in pioneer
XPEEM studies (e.g., Bryson et al., 2015). Question 4) is an area
of active research. Currently, no interactions between islands are
included in the equation used to estimate a paleointensity from
XPEEM measurements. CZ islands are assumed to be an ensemble
of single-domain “grains” with the orientation of their magnetic
moment following a Maxwell-Boltzmann distribution (Bryson et
al.,, 2014a). Interactions could affect the absolute paleointensity we
estimate from one CZ, but it is very unlikely they could produce
a uniform remanence over two separated CZ and lead to the false
conclusion that a field was present when there was no field.

The present study addresses the issue of the volume of the
islands (question 3), with two important implications for the es-
timation of ancient field intensities from XPEEM data. First, in the
current Maxwell-Boltzmann framework, absolute paleointensity es-
timates are inversely related to the volume of the islands when
they recorded a field at 320°C (see Supplementary Material of
Bryson et al., 2017). Second, one important source of uncertainty
on paleointensity estimates from the CZ comes from whether the
net moment of the islands included in an XPEEM dataset is sta-
tistically representative of the ancient field. Berndt et al. (2016)
showed that this statistical uncertainty is particularly sensitive to
the island size at blocking temperature. The authors estimated that
when CZ islands cooled through 320°C, their diameter was ~8
nm, implying that an impractically large number of ~10° islands
should be sampled in each XPEEM dataset to obtain statistically
meaningful paleodirections and intensities (10°-10* islands are
typically analyzed during a XPEEM experiment). This led Berndt
et al. (2016) to question the reliability of published paleomagnetic
XPEEM data. However, they obtained this estimate assuming CZ is-
lands formed through nucleation and growth, a process different
from spinodal decomposition.

Motivated by the implications of better understanding cloudy
zone formation for low-temperature cooling rate determination
and paleointensity estimation, we developed a one-dimensional
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Fig. 1. A) Schematic of a low-temperature phase diagram for a hypothetical Y-Z compositional system. The black dotted line represents the equilibrium boundary for the
phase §. The tan dashed line represents the miscibility gap boundaries and the full green line represents the spinodal boundaries. Full horizontal lines show temperatures
at which Gibbs free energy density is described in (B) and (C). B) Schematic of the Gibbs free energy density g of the phase § as a function of the content in element Z, at
a temperature of 550°C (top) and 340°C (bottom). Points “a” and “d” correspond to the point of common tangent that dictates the miscibility gap boundaries. Points “b”
and “c” show the points of inflection, which determine the spinodal boundaries. C) Sketch of the effect of inherent fluctuations in composition. In the convex part of the
free energy curve (top), any fluctuation around a given mean composition tends to increase the free energy (up arrow): the growth of these fluctuations is not energetically
favorable and the system is metastable. In the concave part of the free energy curve (bottom) even the smallest fluctuation yields a decrease in energy (down arrow): the
growth of the fluctuations is in that case favored and spontaneous; the system is unstable and spinodal decomposition occurs. D) Schematic of the approximation of the
Gibbs free energy curve historically employed to solve analytically the Cahn-Hilliard equation (Hilliard, 1970). (For interpretation of the colors in the figure(s), the reader is

referred to the web version of this article.)

(1D) numerical model of CZ formation by spinodal decomposi-
tion in the cooling environment of a meteorite parent body. For
a given local Ni content, the model estimates the average CZ is-
land equivalent diameter (hereafter island size) at any temperature
as a function of cooling rate. It therefore provides 1) an absolute
cooling rate estimate at ~350 °C, thereby offering a new approach
for studying the low-temperature thermal history of cloudy-zone-
bearing meteorites, and 2) an accurate value for the size of the
islands at blocking temperature, which is an important step to-
ward the goal of estimating absolute paleointensities from XPEEM
data.

2. Cloudy zone formation model
2.1. Spinodal decomposition

The coexistence of two (or more) phases at equilibrium can
occur for a bulk composition lying within the miscibility gap on
its phase diagram, where it is more energetically favorable for
a homogeneous system to separate into these phases (Porter et
al., 2009). The compositions that delimit the miscibility gap for
a given temperature are those where the free energy curve pos-
sesses a common tangent. Between these two compositions, the
free energy curve also possesses two points of inflection, charac-
terized by a change in sign of the free energy’s second derivative.
These points separate the metastable region of the miscibility gap
from its unstable region. The distinction between metastable and
unstable regions is therefore related to the convex and concave
shape of the Gibbs free energy curve, respectively. Consider a bi-
nary system, say an Y-Z alloy, with a bulk composition falling on
the convex part of the curve (Fig. 1A-B). Small thermal fluctuations
in composition (i.e., departure from the bulk composition toward
Y-rich and Z-rich compositions, following the free energy curve)
will necessarily increase the free energy of the system, making the
separation into two phases energetically unfavorable (Fig. 1C top);
such a system is metastable. For the phase separation to occur, this
energy barrier will have to be overcome: this is the process of nu-
cleation. Now, consider the composition of the Y-Z system lying
on the concave part of the free energy curve (Fig. 1B, C bottom).
Any infinitesimal, thermally-induced fluctuations in composition
(inherent to any system) will necessarily decrease the free energy
of the system and therefore spontaneously cause phase separation;
this is the mechanism of spinodal decomposition.

Because it does not require any energy barrier to proceed, spin-
odal decomposition simply relies on diffusion of atoms in the two
forming phases and is therefore governed by Fick’s first law of dif-
fusion:

J=-MVu (1)

In this equation, J is the diffusion flux (m?s—'), u is the chemi-
cal potential (kgem~!s~2) and M, called atomic mobility (skg~1),
is positive and proportional to the diffusion coefficients of each el-
ement in the alloy (e.g., Y and Z). This equation is a generalized
expression for non-ideal solutions (i.e., with uneven interatomic
forces) of the common form J = —DVX where X is the concen-
tration and D is a diffusion coefficient. Cahn (1965) derived an
expression of the chemical potential p as a function of the com-
position and the Gibbs free energy density (g) of the system:
9g

n= 3X V-Q2kVX) (2)
where «, called the gradient-energy coefficient, reflects the contri-
bution of the local composition to the total energy of the system.
Given that:

V. =-3X/ot (3)

one can re-write eq. (1) using eqs. (2) and (3) to obtain the so-
called Cahn-Hilliard equation of diffusion:

ag

—=V. (MWVX) —V-{MV[V-2cVX)]} (4)
Solving eq. (4) for X provides dependences of the composition on
space (i.e., the size of the CZ islands) and time (or equivalently
temperature). Both dependences must be known to use our model
to 1) calculate the statistical uncertainty of CZ paleomagnetic mea-
surements, 2) estimate an absolute field intensity, and 3) estimate
an absolute cooling rate at ~350°C.

We can analyze eq. (4) to understand the various stages of
spinodal decomposition. Any system is subject to local thermally-
induced fluctuations in composition. These fluctuations can be
expressed as a sum of spatial sinusoids with characteristic wave-
lengths. Spinodal decomposition leads to the selective amplifica-
tion of some of these wavelengths. Let us first take an example
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Fig. 2. A) Gibbs free energy density as a function of Ni composition for temperatures between 400°C and 200°C obtained from eq. (6). Colors denote the temperature at
which they are calculated. Dots highlight the location of the points of inflection. B) Low-temperature phase diagram for the Fe-Ni system obtained from eq. (6). Stable
phase equilibria for the o (kamacite) phase and y (taenite) phase are shown by the black dots. Green full and tan dotted lines represent the spinodal boundaries and the
metastable phase equilibria (miscibility gap), respectively. The dash-dot line shows the Curie temperature of y-fcc (TCV ) as a function of Ni content (from Cacciamani et al.,
2010). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

where an ideal system is instantaneously quenched to and kept at
a temperature within the spinodal region. Making the simplifying
assumption that M, « and ,BZT% are independent of the composi-
tion X (i.e., g is a cubic polynomial function of X, Fig. 1D), one can
solve analytically eq. (4) for X and find a solution in the form of
a Fourier series (Hilliard, 1970), which describes how quickly the
growth of fluctuations at a given wavelength will be. If only the
first term of the right-hand side of eq. (4) is taken into account,
the solution yields infinitesimally small wavelengths infinitely am-
plified. In reality, the second term of the right-hand size of eq. (4),
related to the energy cost of an interface (via «), prevents very
small wavelengths from growing to limit the creation of interfa-
cial area and associated excess of energy. This balance between
the two right-hand side terms of eq. (4) results in the existence
of a preferred wavelength that receives the maximum amplifica-
tion (Hilliard, 1970). For reference, this wavelength (Appef) is given

by:

1672k 9%g
2
)‘pref = —W for 7 <0 (5)
X

Once the system is ideally quenched within the spinodal, the
size of proto-islands will peak around the preferred wavelength,
forming a relatively periodic two-phase pattern that, recalling
the example of the Y-Z system above, is composed of alternat-
ing Z-rich and Z-poor phases (islands and matrix, respectively).
Accounting for the dependence of g on X in real systems (as
opposed to the cubic approximation adopted above) the Z con-
tent of the two phases will evolve toward the local minima of
the free energy curve (Fig. 1D), which corresponds to the mis-
cibility gap boundaries (Fig. 1A). Meanwhile, the excess in sur-
face energy at the interfaces between islands and matrix result-
ing from the sharp concentration gradients will gradually become
the dominant force in the system (Cahn, 1966). To reduce their
surface energy, islands will start a much slower coarsening pro-
cess where large islands may grow at the expense of smaller
ones.

Unlike this conceptual example of a quenched alloy, a me-
teoritic alloy will in reality slowly cool through the spinodal
boundary and continue cooling after spinodal decomposition has
started. However, the overall behavior of the system is similar to
that described above, with the exception that both the preferred
wavelength and the amplification factor vary with temperature

(Hutson et al,, 1966). According to eq. (5), at the onset of spin-

a2
odal decomposition (where 37'% =0) the preferred wavelength is
theoretically infinite. However, within less than a degree below

the spinodal temperature (where Z’Z—g < 0), the preferred wave-
length has decreased exponentially and fluctuations of the order
of tens of nm start to grow (see Cahn, 1968). The fact that the
preferred wavelength decreases with temperature simply results in
a broadened size distribution of the fluctuations (i.e., the islands)
because different wavelengths will be favored as spinodal decom-
position progresses. Finally, the coarsening rate will decrease with
temperature due to the slower diffusion rate (see Fig. S1.1). Our
model solves eq. (4) for X to obtain the CZ island size as a func-
tion of temperature T. However, to solve the equation, one must
first find the dependences of g, k and M on X and T. The depen-
dences on temperature and composition of g are summarized in
the following section. A similar analysis for k and M is made in
Supplementary Material S1.

2.2. Gibbs free energy density, g

The free energy density of an alloy depends on both its compo-
sition and temperature. For Fe-Ni, spinodal decomposition occurs
in the y-fcc phase with both islands and matrix remaining as y
phases for most of their growth time. As a consequence, we do
not account for a variation in energy due to a modification of the
crystal structure (Section 6). Cacciamani et al. (2010) derived an
analytical expression for the Gibbs free energy for Fe-Ni using ex-
perimental data available coupled with atomistic calculations. The
free energy density of a given phase is the sum of four contribu-
tions:

8(X,T) = gref(X, T) + &id(X, T) + gex(X, T) + &mag(X, T)  (6)

where g is the reference free energy density of the pure el-
ements, giq is the free energy density for ideal mixing (that of
an equivalent ideal mixture), gex is the excess free energy den-
sity (accounting for the non-ideality of the system) and gmag is
the magnetic contribution. The description of each term is given in
Supplementary Material (S1).

Using eq. (6), we can calculate the free energy density of
y-fcc Fe-Ni as a function of composition for a given temperature
(Fig. 2A). Though initially subtle, the region of spinodal decom-
position (which lies between the two inflection points) becomes
more readily visible with decreasing temperature. In the case of
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y-Fe-Ni, the shape of the free energy curve and therefore the ex-
istence of the spinodal region is influenced by the higher-order
phase transition from paramagnetic to ferromagnetic (accounted
for in the term gmag). As a consequence, if spinodal decomposition
occurs before any other phase transition (e.g., taenite ordering into
tetrataenite), the two phases involved in spinodal decomposition
have the same crystal structure and only differ by their magnetic
properties.

The points of inflection and the points of common tangent de-
rived from eq. (6) determine the boundaries on the Fe-Ni phase
diagram of the spinodal region and miscibility gap, respectively
(Fig. 2B). As noted by Cacciamani et al. (2010), the spinodal
boundaries obtained with this analytical expression slightly dif-
fer from the Fe-Ni metastable phase diagram proposed by Yang
et al. (1996), which serves as a reference among the meteorite
community. Cacciamani et al. (2010) still concluded that given the
uncertainties arising from the challenging experimental identifica-
tion of metastable equilibria, these two spinodal boundaries are in
good agreement with each other. Note that the spinodal bound-
aries proposed in Yang et al. (1996) were based on the observation
by Reuter et al. (1989) of a correlation between the presence of
ordered tetrataenite and the presence of a spinodal decomposition
product. Yang et al. (1996) assumed that the system entered the
spinodal region at the same temperature as that of tetrataenite or-
dering, but there is no evidence in their experimental data that
spinodal decomposition did not occur at a higher temperature.

—1 and bulk compositions of 35 to 41 wt.% Ni.

2.3. Model implementation

Once the dependence on composition X and temperature T
of g, k and M in eq. (4) are specified, we can solve eq. (4) for
X as a function of space and temperature. For this, we use the
Python package Fipy, a partial differential equations solver based
on the finite volume method (Guyer et al., 2009). We investigate
bulk compositions and cooling rates ranging from 35 to 41 wt.%
Ni and 1 to 10,000°CMy~!, respectively. The system starts at the
temperature defined by the spinodal boundaries at the given bulk
composition. To simulate a cooling environment, we decrease the
temperature by steps of 0.1 °C assuming a linear relationship be-
tween time and temperature; the expression of each variable (M,
k and g) is updated after such temperature step. More details can
be found in Supplementary Material S1.

3. Results
3.1. Evolution of the island size and island/matrix composition

For a given Ni composition and cooling rate, we simulated the
growth of CZ islands in a cooling environment from the tempera-
ture dictated by the spinodal boundary (Fig. 2B) down to 210°C,
when the island size stops growing due to the extremely slow
diffusion (Fig. 3). Within <1°C of crossing the spinodal, the ini-
tially infinitesimal fluctuations in composition begin to amplify.
After typically a few tenths of a degree, the islands reach their
equilibrium composition (~45 wt.% Ni, Fig. 4A), which we find
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zone) before reaching 320°C. Note that this does not prevent the CZ from form-
ing below this temperature in this region. We speculate that islands should form
directly with the tetrataenite structure in that case.

to be the same regardless of bulk composition and cooling rate
of the system. This composition is ~2-3 wt.% less than the mea-
sured Ni concentration of the CZ islands (Goldstein et al., 2009a;
Einsle et al., 2018) and than that obtained analytically with Eq. (6)
(Fig. 2B). This small difference is likely due to one or more approx-
imations used in the model implementation (e.g., the approxima-
tion of the free energy curve—see Supplementary Material S1.4).
When the islands reach their equilibrium composition, their size
is between ~40% and ~55% of their present-day size depend-
ing on cooling rate and bulk Ni content. Subsequently, the islands
slowly grow by coarsening, resulting in a decrease in the matrix
Ni content to keep the bulk composition of the system constant
(Fig. 4A-B). By the time the system reaches 210°C, the diffusion
rate has dropped by ten orders of magnitude (see Fig. S1.1) and
both island size and matrix compositions become stationary. For
a given cooling rate, the final Ni contents in the matrix for bulk
compositions between 35 and 41 wt.% Ni vary by ~1.5 wt.%. The
variation in matrix composition with cooling rate for a given bulk
Ni content is more pronounced, ranging for example from ~24
wt.% Ni at 5000°CMy~! to ~17 wt.% Ni at 5°CMy~! for a 40
wt.% Ni alloy.

3.2. Island size at 320°C

One aim of our model is to improve the reliability of paleoin-
tensities recovered from XPEEM data of the CZ. Based on the diffu-
sion length of Ni in taenite, previous paleomagnetic studies that
provided absolute paleointensity estimates (Bryson et al., 2015;
Nichols et al., 2016) have assumed that the CZ islands in slowly
cooled meteorites (<100°CMy~!) were 30% of their present-day
size when they recorded a field. Here, we find that the island size
at 320°C is almost independent of the cooling rate and ranges
between 60% and 85% of present-day size for bulk Ni contents be-
tween 35 and 41 wt.%, respectively (Fig. 5). Additionally, in the
Maxwell-Boltzmann framework currently used to estimate a pale-
ointensity from XPEEM data, the intensity is inversely proportional
to the volume of the islands (supplementary material of Bryson et
al.,, 2017); using 30% instead of 60-85% of present-day size there-
fore results in a likely overestimation of the paleointensity by a
factor of ~8-20.

3.3. Present-day island size

By the end of the simulations, the island size is essentially
equivalent to the present-day size. The CZ island size inversely
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Fig. 6. Island size at 210°C (essentially equal to the present-day island size), as a
function of cooling rate for bulk compositions between 35 and 41 wt.% Ni. The grey
area shows where the cloudy zone does not form or where the compositions of
islands and matrix do not have time to reach their expected final composition.

correlates with the cooling rate and the bulk Ni content, which
decreases with distance to the tetrataenite rim (e.g., Goldstein et
al., 2009a). Both correlations are reproduced in our results (Fig. 6).
Most islands with measured sizes are those next to the tetrataen-
ite rim—the largest in the CZ. If a meteorite cooled very slowly
(<5-10°CMy~1), this region will have a composition of ~40-42
wt.% Ni according to the equilibrium boundaries of the Fe-Ni phase
diagram. For these conditions, our model predicts island sizes
>100 nm, which is in good agreement with islands sizes mea-
sured in the pallasites and mesosiderites, which are slowly cooled
meteorite groups (Yang et al., 2010; Hopfe and Goldstein, 2001).
The other lines on Fig. 6 are applicable to faster-cooled meteorites
(e.g., IVA, IVB, IIIAB), for which the bulk composition next to the
rim can be lower than 40 wt.% Ni because equilibrium could not be
reached (e.g., Goldstein et al., 2009b). The decrease in island size
with distance to the rim (due to the decrease in Ni content) can
be seen as a vertical line at a given cooling rate down Fig. 6. Note
that the model assumes a constant local composition, which corre-
sponds to a narrow band parallel to the tetrataenite rim. Therefore,
we can currently only model stepwise decreases in island size with
distance to the rim (by using different initial compositions). A con-
tinuous decrease of the Ni content with distance to the rim will be
the object of future improvements to the code.

To test our model against experimental data, three pieces of in-
formation are needed: the average island size in a given region, a
high-resolution Ni composition of this region, and an independent
cooling rate estimate at ~350 °C. The H6 chondrite Guarefia has all
three pieces of information essentially available (with the caveat
that the composition profile has a coarse resolution of 1 pm).
An approximate cooling rate of ~3.7°CMy~! between ~450 and
~250°C can be deduced from the difference between Guarefia’s
U-Pb age determined on phosphates and Ar-Ar age determined on
feldspars given the closure temperatures of these thermochrono-
logical systems (Henke et al., 2013). Guarefia has an average island
size of 120 + 5 nm and the composition profile shows a composi-
tion between 41 and 39 wt.% Ni next to the tetrataenite rim (Scott
et al., 2014). For this composition, our model predicts a cooling
rate at ~350°C of 4.4 + 3.2°CMy~!, in agreement with the afore-
mentioned value.

4. Cooling rate application: example of the main-group pallasites

Our CZ formation model is a promising tool for investigating
the cooling history of iron meteorite and iron-rich chondrite par-
ent bodies at a temperature range that has been previously poorly
constrained. Combined with cooling rate estimates at 700-500 °C,
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Fig. 7. Cooling rate at ~350°C for seven main-group pallasites as inferred from our
model using a Ni content between 39 and 40 wt.% as a function of published cooling
rate at 700-500°C (Yang et al., 2010). The average ratio of the cooling rate below
350°C and the cooling rate at 700-500°C is about 0.35.

these data can place new constraints on long-term planetary ther-
mal evolution. However, measurements of the bulk composition
near the tetrataenite rim and CZ island size are necessary to fully
take advantage of the model and it is rare that both of these prop-
erties have been measured and published. It is beyond the scope
of this paper to present such data. Nevertheless, as an example of
application of our model as cooling rate indicator, we consider the
case of the main-group pallasites, for which island sizes, some low-
resolution composition profiles, and a parent-body thermal model
have been published.

Yang et al. (2010) measured the island size of seven very slow-
cooled pallasites and determined cooling rates at 700-500 °C from
Widmanstdtten taenite profile-matching, ranging between 2.5 +
0.3°CMy~! and 8.9 + 1.2°CMy~". The authors presented compo-
sition profiles for the Giroux pallasite with 1-um resolution, finding
a bulk Ni content of ~40 wt.% next to the rim. Using a bulk Ni con-
tent between 39 and 40 wt.%, the model predicts cooling rates at
~350°C ranging between 0.7 + 0.4°CMy~! and 3.2 + 1.8°CMy~!
(Fig. 6). Our calculated cooling rates at ~350°C indicate that
these meteorites cooled ~0.35 times slower at ~350°C than at
700-500°C (Fig. 7). Using thermal evolution models, Bryson et al.
(2015) proposed that the main-group pallasite parent body was
a fully differentiated body with a diameter of ~400-km. Accord-
ing to their model, the cooling rate at ~350°C for the pallasites
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considered in this study should be ~0.5 times the cooling rate
at 700-500°C. Our results therefore support the idea that these
pallasites cooled without undergoing any significant reheating or
shock event mantle of their ~400-km parent and not deeper at
the core-mantle boundary (Yang et al., 2010; Tarduno et al., 2012;
Bryson et al., 2015).

5. Paleomagnetic application

Berndt et al. (2016) derived in the Maxwell-Boltzmann frame-
work—also currently assumed for XPEEM—the number of magnetic
carriers necessary to obtain a given uncertainty in paleodirection
and paleointensity due to the limited number of islands included
in a dataset (called statistical uncertainty in the following; Sup-
plementary Material S2). This number inversely depends on the
CZ island size at blocking temperature, which our model now
constrains (Fig. 5). Intuitively, this is because larger islands have
larger magnetic moments and so couple more strongly to an ex-
ternal field such that fewer islands are required to achieve the
same net magnetization. The required number of islands also in-
versely depends on the intensity of the ancient field—more islands
are needed for their net moment to be representative of a weak
field. Therefore, with a reasonable assumption about the intensity
of the ancient field, one can combine the results of our model with
the formula of Berndt et al. (2016) to calculate how many islands
will be needed in a future XPEEM dataset to limit the statistical
uncertainty in paleodirection and paleointensity to a given value
(Fig. 8A).

Similarly, knowing the number of islands included in a XPEEM
dataset and with a paleointensity estimate, one can quantify the
statistical uncertainty for published datasets. The model also al-
lows us to quantify an uncertainty on island size at 320 °C. Adding
both types of uncertainty to the measurement uncertainty allows
us to more accurately represent the total uncertainty of the pale-
ointensity estimate. In light of these results, we review previously
published XPEEM studies for which a paleointensity estimate has
been proposed (Fig. 9, Table 1).

5.1. Main-group pallasites: Imilac and Esquel

The first meteorite paleomagnetic study using the XPEEM tech-
nique was conducted by Bryson et al. (2015) on the Imilac and Es-
quel main-group pallasites. These meteorites possess cloudy zones
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Fig. 8. A) Number of islands required per XPEEM dataset to limit the statistical uncertainty (due to the limited number of CZ islands) to 5° in paleodirection and 5% in
paleointensity. This number is plotted as a function of cooling rate and local Ni content. It is obtained by combining island sizes at blocking temperature of 320 °C provided
by our model with the derivation of Berndt et al. (2016) for a Curie temperature of 550°C and assuming an ancient field of 10 uT. B) Statistical uncertainty in paleointensity
as a function island size at blocking temperature (for angular statistical uncertainty, see Supplementary Fig. S2.1). Lines represent different combinations of ancient field
intensity and number of islands corresponding to previous XPEEM studies (Table 1). Markers show the island size at 320°C and associated statistical uncertainty for each

meteorite studied.
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Table 1

Meteorites previously analyzed by XPEEM. The first and second columns list the names and groups of the meteorites. The island sizes in the third column are from Yang et
al. (2010) for Imilac, Esquel, Brenham and Marjalahti and Goldstein et al. (2009b) for Steinbach. The fourth column is the bulk Ni content near the tetrataenite rim assumed
in our model to calculate an estimate of the cooling rates below ~350°C. The fifth column shows the island size at 320 °C provided by the model. The sixth column lists the
predicted cooling rates below ~350°C. The seventh column shows the number of islands included in each XPEEM dataset. The eighth column gives the statistical uncertainty
for each XPEEM datasets. Finally, the ninth column summarizes the improved paleointensity estimates with their total uncertainty; note that these averages do not account

for the possible effect of magnetostatic interactions between islands.

Meteorite Group Present-day Assumed Ni Island size Predicted Number of Statistical Improved
island size content near at 320°C cooling rate islands in error in paleointensity
(nm) the rim (nm) below 350°C XPEEM intensity estimates
(Wt%) (°ccmy1) datasets (%) (uT)
Imilac MG Pallasite 143 + 4 39-40 112 12 + 0.7 320 23 6.8 + 2.0
Esquel MG Pallasite 157 + 11 39-40 122 09+ 05 380 23 48 + 15
Brenham MG Pallasite 123 £ 3 39-40 96 25+ 14 1800 - 0.2 (< zero-field 1.1 uT)
Marjalahti MG Pallasite 118 £ 3 39-40 92 29+ 15 1480 - 0.3 (< zero-field 1.4 uT)
Steinbach IVA Iron 29+ 3 37-38 20 56.5 & 25 5500 22 290 + 165
result in a 15% uncertainty on paleodirection/paleointensity. After
;5 1000 combining these uncertainties, the paleointensities become 6.8 +
P T 2.0 pT and 4.8 & 1.5 pT.
£ 1004 Using data provided by Bryson et al. (2015), we simulated an
'5 """"" XPEEM dataset that would have been measured if the CZ had
Z 104 cooled through 320°C in the absence of a magnetic field. We
;é: [} 3 calculated the field intensity resulting from this dataset and pro-
= e e N R ceeded by bootstrapping to obtain the upper bound of the 95%
8 L T confidence interval of this “zero-field” intensity, equal to 1.7 puT for
& o © Imilac and 1.1 pT for Esquel (procedure described in the supple-
0.14 mentary material of Bryson et al.,, 2017). Although the paleointen-
Imilac Esquel Brenham Marjalahti Steinbach

Fig. 9. Initial and improved paleointensity estimates from previously published
XPEEM studies (Bryson et al., 2015; Nichols et al., 2016 and Bryson et al., 2017).
The grey intervals show the initial range of paleointensities from the original publi-
cations: the upper bound is obtained with islands 30% of present-day size at 320°C,
the lower bound is obtained for islands of present-day size at 320°C. The dotted
lines show the simulated upper limit in intensity that would be measured with
XPEEM if the meteorites had cooled in the absence of a field (see Section 5.1). Points
show the improved paleointensity estimates using the island size at 320 °C provided
by our model. The error bars account for the 20 measurement uncertainty, the 2o
statistical uncertainty and the 20" uncertainty in island size at 320 °C. Given that the
mean paleointensities for Brenham and Marjalahti fall below the zero-field thresh-
old, we cannot reject the hypothesis that these meteorites cooled through 320°C
in the absence of a field. We did not include the error bars of these meteorites for
clarity: because the statistical uncertainty is inversely proportional to the field in-
tensity, the error bars would be very large but would not change the conclusion
above.

with ~143-nm and ~157-nm diameter islands near the tetrataen-
ite rim, respectively (Yang et al., 2010). The authors measured the
magnetization of four non-overlapping 4500 x 400-nm regions
next to the tetrataenite rim for both meteorites. Assuming the is-
lands occupy 90% of a region’s area, a total of ~320 islands (Imilac)
and ~380 islands (Esquel) was included in each dataset. Adopting
an island size at 320°C equal to 30% of present-day size, Bryson
et al. (2015) estimated paleointensities of 120 puT for Imilac and
84 T for Esquel with a 20 uncertainty due to measurement noise
of 10% and 16%, respectively. Using present-day island sizes, they
obtain average paleointensities of 3.2 puT for Imilac and 2.2 pT for
Esquel. It should be noted that independently of the island size
adopted, these values are lower limits on the paleointensity esti-
mate because the sample was only measured in one orientation
(i.e., only a combination of the three components of the paleofield
was calculated; see supplementary material of Bryson et al., 2017).

Assuming a bulk composition between 40 and 39 wt.% (i.e., CZ
islands at 320°C about 78% of their present-day size; Fig. 5), the
average paleointensities become 6.8 uT (Imilac) and 4.8 uT (Es-
quel). Using these estimates, we calculate a statistical uncertainty
(20) in paleointensity of 23% for both Imilac and Esquel (Fig. 8B).
In addition, a 20 uncertainty of £5% for the island size at 320°C
(equivalent to a +1 wt.% Ni uncertainty in composition) would

sities are revised downward, they are both larger than these values
and therefore still require a substantial magnetic field on the par-
ent body, indicating the past existence of a core dynamo.

The improved paleointensities now differ from the paleointensi-
ties estimated by Tarduno et al. (2012) using olivine grains on Im-
ilac (72.7 & 7.1 uT) and Esquel (125.2 + 12.9 uT), especially given
that the olivine grains may have been shielded from the plane-
tary field by swathing kamacite (see supplementary information
for Bryson et al,, 2015). Given the different blocking temperatures
for taenite in olivine grains (~550°C) and tetrataenite in the metal
phase (320°C), one possible explanation for this apparent discrep-
ancy is that silicates and metal simply recorded the magnetic field
at different times of its history. It should also be noted that in the
absence of a model describing the possible magnetostatic interac-
tions between islands, our revised intensities—like other intensities
discussed below—should be considered as more accurate but not
final values.

5.2. Main-group pallasites: Brenham and Marjalahti

Nichols et al. (2016) used XPEEM to study the Brenham and
Marjalahti pallasites (~123-nm and ~118-nm islands, respec-
tively; Yang et al., 2010). The authors analyzed twelve and nine
4500 x 450-nm regions resulting in 1800 islands and 1480 for
Brenham and Marjalahti, respectively. Average intensities of 4 uT
for Brenham and 5 pT for Marjalahti were reported (without mea-
surement uncertainties). With islands ~78% of their present-day
size at 320°C (i.e., local Ni content of 39.5 wt.%), the average in-
tensities become 0.2 and 0.3 pT. Like for Imilac and Esquel, we
calculated the upper bound of the 95-% confidence of a “zero-field”
intensity and found 1.1 pT and 1.4 pT for Brenham and Marjalahti,
respectively. The fact that these values are larger than the paleoin-
tensity estimates above agrees with the conclusion by Nichols et
al. (2016) that we cannot reject the hypothesis that Brenham and
Marjalahti cooled through 320°C in the absence of a field. This
is therefore consistent with the liquid core of the pallasite parent
body experiencing a quiescent period before its period of compo-
sitional convection induced by crystallization.
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5.3. IVAiron: Steinbach

Bryson et al. (2017) applied the XPEEM technique to the IVA
iron Steinbach. The magnetization was measured along two CZ,
imaging nine 4500 x 100-nm regions along each. Adjacent to the
tetrataenite rim, Steinbach’s islands are 29 nm in diameter, such
that ~5,500 islands were included in each dataset. The authors re-
ported a paleointensity of ~100 puT (using present-day island size)
with a ~50% measurement uncertainty.

No bulk composition profile has been published for Steinbach.
However, such a profile was measured by Goldstein et al. (2009b)
for the Chinautla IVA iron, which has a similar cooling rate at
700-500°C (~110°CMy~1) as Steinbach (~150°CMy~1). The av-
erage composition of the region with the coarsest islands in Chin-
autla is 37.5 wt.% Ni. With this composition CZ islands were ~70%
of their present-day size at 320°C, and the average paleointen-
sity becomes ~290 uT. With such small islands but intense field,
the statistical uncertainty is 22%—the fact that it is very similar to
that calculated for Imilac and Esquel is fortuitous (Fig. 8B). Com-
bining this with the ~50% measurement uncertainty and the 15%
uncertainty accounting for uncertainty in Ni content, we obtain
a paleointensity estimate of 290 £+ 165 pT. Bryson et al. (2017)
concluded that the IVA parent body generated a field, strong and
directionally-varying. Our results suggest that the field intensity
has a large total uncertainty but do not invalidate the conclusion
that a non-zero directionally-varying field was present.

6. Discussion: effect of the taenite to tetrataenite transition

Our model is based on the free energy equations for the fcc
y-Fe-Ni phase and we do not consider any possible phase transi-
tions that occur during the growth of the CZ. In particular, we do
not model the ordering from taenite to tetrataenite at 320 °C. This
transformation will likely change the free energy curves (Fig. 2A)
and possibly affect the growth of CZ islands, but the contribution
of this phase to the total free energy is essentially unknown given
that the cooling rates required for tetrataenite formation are un-
achievable on laboratory timescales. Hence, our model is effectively
only valid for the regions of the CZ where spinodal decomposition
started at temperatures above 320 °C. According to the metastable
Fe-Ni phase diagram (Fig. 2B), this corresponds to compositions
>34 wt.% Ni. The exact consequences of tetrataenite formation
on the growth of already large islands are unclear. We can only
speculate that, given the good agreement between our model and
experimental data (Sections 3.3 and 4), the effect of the phase
transformation for regions of the CZ above 35 wt.% Ni may only
be minor.

In most meteorites studied with XPEEM, a clear difference has
been observed between the XMCD signal of the coarse-to-medium
CZ and the fine CZ. The latter shows a strong dominance of one
easy axis, as opposed to the former, where the bias may be present
but less clearly visible. Einsle et al. (2018) proposed two expla-
nations: 1) these fine islands were single-domain taenite grains
above tetrataenite formation temperature, as opposed to pseudo-
single domain (vortices) coarse-to-medium islands, and interacted
more strongly, or 2) spinodal decomposition occurred below the
tetrataenite formation temperature in the fine CZ. Based on the up-
dated Fe-Ni phase diagram (Fig. 2B), we could certainly discrimi-
nate between these two hypotheses in a future study by measuring
the local Ni content at high resolution across the CZ and compare
it with the location of the change in magnetic behavior between
the medium and the fine CZ.

To study the effect of tetrataenite transition on an island’s mag-
netization, Einsle et al. (2018) modeled entire CZ islands changing
their crystallographic structure at 320°C. It is, however, conceiv-
able that tetrataenite may not have ordered all at once in an island,

implying that the new NRM may be acquired over a broader range
of temperatures. This question remains unanswered and is the ob-
ject of active research. It is beyond the scope of this study to
speculate on the effect of a gradual transformation. It can simply
be said that our model could as well provide the island size at any
other “blocking” temperature.

7. Conclusion

e We developed a numerical model of cloudy zone (CZ) forma-
tion by spinodal decomposition in the cooling environment of
a meteorite parent body.

e This model provides the compositional and structural evolu-
tion of the CZ islands as well as the size of the islands at
320°C, when they could record an ambient magnetic field.

e This island size allows us to quantify the uncertainty on pa-
leodirection and paleointensity due to the limited number of
magnetic carriers in experimental datasets. Combined with the
uncertainty in island size at blocking temperature and mea-
surement uncertainty, this provides a more accurate total un-
certainty of the estimates.

e The model allows us to determine more accurately the inten-
sity of a putative ancient field recorded by the CZ. Current
research aims at understanding how the magnetostatic inter-
actions between islands might affect the absolute paleointen-
sities.

e This model also serves as an absolute cooling rate indicator
that can provide new constraints on the low-temperature his-
tory of iron meteorite and iron-rich chondrite parent bodies.
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Supplementary Text for:

C. Maurel et al. (2019) Meteorite cloudy zone formation as a quantitative

indicator of paleomagnetic field intensities and cooling rates on planetesimals

S1. Details on the numerical model

As discussed in Section 2.1 of the main text, we seek to determine dependence of the terms
g, k and M in eq. (4) on the temperature T and composition X. Main text Section 2.2 lays out the
overall approach for determining g(X,T). Here we provide additional details about the latter
calculation (in Section S1.1) and describe how we calculated M (X, T) and k(X,T) (in Section S1.3

and S1.3, respectively).

S1.1. Free energy equation
As mentioned in Section 2.2 of the main text, the Gibbs free energy density g of y-Fe-Ni

has four contributions:

9 = Gret T gid T Jex + Imag (S1.1)

where g,.r 1s the reference free energy density of the pure elements, g;4 is the free energy density
for ideal mixing (that of an equivalent ideal mixture), g.y is the excess free energy density
(accounting for the non-ideality of the system) and gy, ¢ is the magnetic contribution to the free
energy density. Unless specified otherwise, all the parameters involved in the equations presented
below can be found in Cacciamani et al. (2010). The reference free energy density of the pure

elements g,r can take the following form:
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gret =RT )" XiAgh (s
i=Fe,Ni

where X; is the concentration in wt.% of component i (Fe or Ni), Ag} is the free energy density of
a pure component i referred to the standard element reference state, R is the gas constant and T the
temperature. The temperature dependence of Agy for Fe and Ni was determined from fits to

experimental data (Dinsdale, 1991) to be:
Ags = A; + B;T + C;TIn(T) + D;T?> + E;T™* + F;,T? (51.3)

where A;, B;, C;, D;, E; and F; are the fitting parameters for element i (see Table S1.1). The free
energy density for ideal mixing (g;q) is the free energy density of the system assuming the latter is

a mixture of ideal gases. It has a temperature and composition dependence given by:

gia = RT z Xiln (X;) (S1.4)
i=Fe,Ni

The excess free energy density g4 accounts for the fact that the solid solution is non-ideal and also

depends on the temperature and composition as follows:

Gex = KeeXoi ) LN (e — X)) (S1.5)
]
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where L]FveNi are functions containing empirically-determined fitting parameters (see Table S1.2).

Finally, the magnetic contribution to the free energy density is given by:

Imag = RTf(©)In(1 + ) (§1.6)

where T = T /T, T¢r is the magnetic ordering temperature, and 8 is the average magnetic moment

per mole of atoms. The function f is a piecewise polynomial function of t:

1—0.427 2'015+2452 T3+ - + T if t<1
' T o™ \6 135 Te00)| " T T
f@= -5 15 =25 (51.7)
—0.427 | — if t>1
(10 35" 1500) nr
Both T, and £ are also functions of composition and temperature:

Ter = XreTes + XniTor + XpeXni z _Tgf,}'\li(XFe_XNi)j (51.8a)

j
B = XpeBB™ + XniBN' + XpeXni z BN (Xpe—Xni) (51.8b)

j

The parameters T¢e, TN, CFS\“, BFe, BN and ﬁJFeNi are given in Table (S1.3) and (S1.4). The
piecewise nature of g, characterizes the difference in magnetic contribution to the free energy

between the ferromagnetic and paramagnetic phases of a Fe-Ni crystal.

S1.2. Diffusion in the Fe-Ni system
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To make use of eq. (4) in the main text, we also want to know the dependence on X and T
of the atomic mobility M. In the approximation of an ideal solution, M is related to the
interdiffusion coefficient D;,;, which is a linear function of the diffusion coefficients of both

elements Fe and Ni:

Dint
kgT

(S1.9)

where T is the temperature and kj is the Boltzmann constant. Yang and Goldstein (2004) calculated
the interdiffusion coefficient D;,; in y-Fe-Ni. The interdiffusion coefficient is a function of the total
Gibbs free energy. The authors separate the total free energy into a temperature-independent part
(@p) and a magnetic contribution (AGgerr,) arising below the Curie temperature:

+ AG
Qp ferro) (5110)

where D, is a temperature-independent factor. To calculate Mas a function of X and T (Fig. S1.1),
we use the polynomial interpolation functions derived by Yang and Goldstein (2004) for Dy (X),
Qp(X) and AGgerro(X,T) in y-Fe-Ni. Given the important number of equations and parameters

needed, we did not include them in this Supplementary Material; the reader is invited to refer to

Yang and Goldstein (2004).

S1.3. Gradient energy
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The gradient-energy coefficient, k, is the last variable of eq. (4) to consider. The creation
of interfaces increases the free energy of a system by breaking the bonds between a growing
number of atoms that were initially coherently bonded. The formation of islands during spinodal
decomposition increases the proportion of surface atoms with respect to bulk atoms in the system.
The smaller the islands, the higher that proportion. At the onset of coarsening, the increasingly
slower diffusion is no longer capable of compensating for this excess of energy, and this becomes
the driving force for coarsening. During this final phase, larger islands will slowly grow at the
expense of smaller ones to reduce the number of surface atoms with respect to bulk atoms and
minimize the total energy of the system. In eq. (4) of the main text, the gradient energy coefficient
K is related to the surface energy ¢ and the bulk free energy density of the system g as follows

(Ardell 2011):

X>

o=2| (kg)V%dx (S1.11)

X1

where X; and X, are the two equilibrium compositions corresponding to the miscibility gap
boundaries. Assuming k independent from X (Ardell 2011), we can calculate k for a given surface
energy o. The surface energy depends on the degree of coherency of the interface (i.e., the degree
of continuity of the lattice between the two emerging phases). The value of ¢ will range between
0 and 1 J m™ depending whether the interface is ideally coherent or completely incoherent,
respectively. Given that the two Fe-Ni phases that emerge from spinodal decomposition initially
only differ by their magnetic properties (e.g., the paramagnetic Ni-poor and ferromagnetic Ni-rich

phases; see Section 2.2 of the main text) and given the absence of precise data for Fe-Ni, we set
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o =0.5J m™ (semi-coherent interface). We then use the analytical expression of g given by Eq.

(5) in the main text to calculate k as a function of temperature (Fig. S1.2).

S1.4. Effect of strain

The separation of a homogeneous system into two phases may create elastic strain at the
interfaces, accounted for in eq. (4) by adding another term as a factor of MVX, which can reduce
the spinodal region of the phase diagram. However, in the absence of data for Fe-Ni in the
composition range of interest, we chose to omit the elastic-strain energy term in the current version
of the model. In fact, in the case of the decomposition of y-fcc Fe-Ni, it seems reasonable to expect
only a minor effect of strain because the two phases resulting from the decomposition initially have
the same crystallographic structure and only differ by their magnetic properties (Cacciamani et al.,
2010). In any system, accounting for strain narrows the spinodal in composition and lowers the
boundaries in temperature. Therefore, we could expect to obtain smaller islands at the end of the
simulations because the decomposition would have started at lower temperatures. However,
experimental data characterizing the effect of strain in the Fe-Ni system would be necessary to
estimate the size difference and effectively implement this effect in the model. As already
mentioned in Section 6 of the main text, the good agreement agreement between our model and
experimental data (Sections 3.3 and 4 of the main text) supports the idea that strain may only have

a minor contribution to the total energy of the system.

S1.5. Complementary information about the model implementation
In our model, we simulate a 1-pm one-dimensional mesh with a spatial resolution (cell size)

of 1 nm. We use bulk compositions of 35 to 41 wt.% Ni and cooling rates between 1°C Myr "' and
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10,000°C Myr'. The initial Ni composition of each cell is randomly drawn from a Gaussian
distribution with a mean corresponding to the user-defined bulk composition of the system
(percentage of Ni) and a variance of 107 wt.%. This narrow distribution represents the thermally-
induced fluctuations inherent to any system; as long as the amplitude of this variance remains small
compared to the mean composition, the influence of the initial variance on the resulting island sizes
is inexistent. Along with the bulk composition, the cooling rate of the system is also specified. To
minimize the computation time, we use a variable time step, initialized at ~1 year (3.154x10’ s).
At each time step, the computational package Fipy solves eq. (4) of the main text multiple times to
obtain a refined solution (sweeping process; Guyer et al., 2012). If the final residual falls below the
initial one, the time step increases by 10%, up to the maximum value of ~1000 years (3.154x10"
s). Alternatively, if the residual is above the initial one, the time step decreases by 10%. Moreover,

the temperature is decreased by AT = 0.1°C after each period At given by:

CrAt = AT (S1.12)

where Cy is the user-defined cooling rate. In doing so, we make the assumption that temperature
and time are linearly related and keep the cooling rate constant throughout the simulation. Variable
cooling rates and other cooling profiles will be the object of future improvements of the code. After
each period At, the values of the atomic mobility M and the gradient energy k coefficient are
updated to account for the new temperature. As opposed to M and k, whose values are the same
for all the cells, the second derivative of the total free energy density g depends on the current
composition of the cell and must therefore be updated at each time step. The tedious analytical

expression derived from eq. (6) makes eq. (4) unsolvable in a reasonable time. Instead, we chose
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to approximate the second derivative of g by a piecewise polynomial function of the composition
X, taking care to preserve the zeros of this function given their fundamental role in determining the
boundary of the spinodal region (Fig. S1.3). The value of the second derivative of g is calculated
at each time step for each cell and the coefficients of the polynomials are updated after each period
At when the temperature decreases. In this way, Fipy can iteratively solve eq. (4) for X in an

acceptable computation time.

S2. Number of CZ islands required to obtain a given error in direction and
intensity

From XPEEM data, one can estimate the paleodirection and paleointensity of the ambient
ancient magnetic field recorded by the CZ islands when they cooled through the tetrataenite
formation temperature (320°C). This estimation relies on the assumption that the magnetization
directions of CZ islands follow a Maxwell-Boltzmann distribution over certain preferred directions
(Bryson et al., 2014). Maxwell-Boltzmann statistics describes the behavior of a large ensemble of
particles—the CZ islands—with several energy states, which are the preferred magnetization
directions. If the number of recording islands included in a dataset is too small, a statistical
uncertainty is introduced in the acquisition of a natural remanent magnetization by the ensemble
of islands, implying that the net moment of the measured CZ may not accurately represent the
direction and intensity the field present when it cooled through 320°C.

Berndt et al. (2016) quantified the number of islands N that must be included in each dataset
in order to obtain limit the statistical error of the direction of the ancient field to an angle a5 (half-

cone 95% confidence uncertainty):
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T,

N = 8_”< k5T ) (52.1)
3 \uoHoVgMs g tan(ays)

Similarly, to limit the statistical uncertainty of the paleointensity to a value ém:

kgT, ?
N=3 5B (52.2)
toHoVgMsgdm

In these equations, Tg is the blocking temperature (at which the field is recorded), Mg g and Vg are
the saturation magnetization of tetrataenite and volume of the islands at the blocking temperature,
Ko 1s the vacuum permeability, H, is a nominal external field and kg is the Boltzmann constant. It
has recently been shown that the transformation of taenite into tetrataenite throughout an entire
island at 320°C resets any natural remanent magnetization previously acquired by the parent taenite
(Einsle et al., 2018) implying that Ty is equal to 320°C. The saturation magnetization at Tg (Mg )
is derived from the measured saturation magnetization at room temperature (Mg ;95 = 1.3X 10°A

m’') using:

T
Msp = Ms 395 ’1 - B/TC (52.3)

where T = 550°C is the estimated Curie temperature for tetrataenite (Berndt et al., 2016). Finally,
the intensity of the external ancient field uyH, is the average value obtained from XPEEM data.
With our model, we now have access to the volume of the islands at 320°C, Vg, in eq. (S2.1) and

(S2.2).



181 It is interesting to note that Berndt et al. (2016) assumed a random orientation of the easy
182  axes. In the case of the cloudy zone, the growth of the elongated axis, which is the easy axis of
183  tetrataenite, is influenced by the presence of a field. Statistically, the <100> axis the most aligned
184  with the field will more favorably become the elongated axis. Therefore, the assumption made by
185  Berndt et al. (2016) can be seen as an extreme case where the islands formed in a zero- or weak-
186  field environment. The other extreme is to consider that all the easy axes are aligned with the field.
187  We can compare the number of islands obtained in that case to the number calculated by Berndt et
188  al. (2016) to see whether the assumption of the easy axes orientation has a significant consequence
189  on our results.

190 Let’s assume that the easy axis of an island makes an angle A¢p — 0 with the field. Eq. (3)

191  of Berndt et al. (2016) becomes that of a uniform distribution:

192
1
HOE {E f0<¢ <49 (S2.4)
0 otherwise
193

194  Therefore, Eq. (8) in Berndt et al. (2016) becomes:

195

Ad
7 = lim f [mf(@)p() — mef () (1 — p(@))]dep
460 (S2.5)

196
197  After simplification:

198
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Ag 1 ,
m, = li [—M Vxgcos d
X Ap-0 0 A s¥ B (¢)|do &0
Finally:
_ 1 y sin ()77
M= Jim MV |5+ ]y=0 = MV, o
Similarly, we can calculate the standard deviation g,:
A¢
0% = Algf}of [mZf (p)p(p) + m2f(p)(1 — p(Pp))]dp — M = M2V2(1 — x3)
° (S2.8)

We can replace these values in equations (11) and (12) of Berndt et al. (2016) and calculate the

number of islands N as a function of the uncertainty in intensity dm:

_ kiT§
(VMgpoHo6m)? (S2.9)

This value of N is 1/3 that for a random distribution as given by Berndt et al. (2016) equation (13).
Given this small difference, we consider that it is more conservative to use the equations provided

by Berndt et al. (2016). This decision does not affect the conclusions of the paper.
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214  Fig. S1.1. Atomic mobility in Fe-Ni alloys as a function of temperature for a system with a

215  composition of 20 and 40 wt.% Ni.
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223 Fig. S1.3. Second derivative of the total free energy g as a function of composition at a temperature
224 of 340°C (full line). The dashed line shows the piecewise polynomial function adopted in our model
225  to simplify the computation. The two functions have the same zeros (which determine the
226  boundaries of the spinodal region).
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229  Fig. S2.1. Statistical error in paleodirection for meteorites previously studied with XPEEM

230  obtained from eq. (S.2.1). Data are obtained from Bryson et al. (2015) and Bryson et al. (2017).



231  Table S1.1. Fitting parameters for Eq. (S1.3), from Dinsdale (1991).

Fitting

A; B; C; D; E; F;
Parameter
Agf,e Jm?) -236.7 132.416 -24.6643 —-0.003757 77358.5 —5.8927x10®
Ag}}“ Jm?) ~5179.159 117.854 -22.096 —4.8407x10> 0 0

232 Note: the subscript i in the first raw stands for Fe (second raw) and Ni (third raw).
233

234 Table S1.2. Fitting parameters for Eq. (S1.5), from Cacciamani et al. (2010).

Fitting

LgeNi LieNi LgeNi
Parameter
Value —15500 + 2.850T 14000 — 4.0T -3000

235  Note: T is the temperature.
236

237  Table S1.3. Fitting parameters for eq. (S1.8a-b), from Cacciamani et al. (2010).

Tge Tgl ﬂFe pNi
r r
Parameter

O O (up/atom) (ug/atom)

Value -201 633 2.1 0.52

238

239  Table S1.4. Fitting parameters for eq. (S1.8a-b), from Cacciamani et al. (2010).

Fitting
Tgel;l)i Tgel\{i Tgelgi B(l;eNi Bl;eNi ﬂ;‘eNi
T, T, T,
Parameter
Value 2200 -700 -800 10 8 4

240
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