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Key Points:

« Nanometer-sized taenite present in meteoritic cloudy zone is likely to preserve sta-
ble magnetization states

e The island sizes of most fast cooled meteorites coincides with the range in which
stable single domain (SD) taenite forms

« Stable SD configurations are possibly preserved during tetrataenite ordering
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Abstract

The cloudy zone (CZ), a nm-sized intergrowth of taenite or tetrataenite crystals (or is-
lands), is the most promising phase to preserve palaeomagnetic records in (stony-)iron
meteorites. While slowly-cooled meteorites form tetrataenite — an extremely good recorder
— fast-cooled meteorites contain fine-grained taenite islands, which were considered un-
suitable for palaecomagnetic studies. In this work, however, we show that nm-sized taen-
ite grains are stable over billion-year timescales, indicating that taenite-bearing mete-
orites are reliable sources of paleomagnetic information. Additionally, we find a range

of sizes for which taenite forms stable single-domain structures. Single-domain states might
be preserved even through subsequent tetrataenite ordering, implying that tetrataenite
might carry magnetization state inherited from its precursor taenite. This remanent mag-
netization can be up to 10° years older than that of larger tetrataenite islands in the same
meteorite, which would have been reset upon ordering. This allow studding to two dis-
tinct events of planetesimal formation from a single sample.

Plain Language Summary

Metallic meteorites are fragments of small planetary bodies that formed during the
first million years of our solar system. They can provide a wealth of information about
how small planets form, how they undergo differentiation and whether (and how) they
once had a liquid core capable of generating self-driven magnetic fields. The presence
of a planetary magnetic field is ultimately a necessary ingredient for evolution of life, as
without a strong field, microorganisms would be exposed to deadly cosmic rays, and any
atmosphere would be prone to being blown away by solar wind - a fate that happened
to Mars millions of years ago. Recent works have shown that nanometer-sized tetrataen-
ite grains present in slowly cooled meteorites are able to preserve records of ancient mag-
netic activity of their parent bodies. In this work we show that taenite, a common mag-
netic mineral in fast cooled meteorites, is also capable of reliably preserving records of
ancient magnetic fields. These results open a window of opportunity in using metallic
meteorites, in particular the so-called fast cooled meteorites, in understanding key as-
pect of planetary formation and evolution based on their magnetic records preserved in
nm-sized taenite grains.

1 Introduction

Most meteorites are believed to originate from small planetary bodies (< 500 km
radius) formed within the first million years (Myr) of the solar system (McCoy et al.,
2006). The existence of iron and stony-iron meteorites indicates that part of these bod-
ies underwent large-scale differentiation (McCoy et al., 2006; Elkins-Tanton et al., 2011),
possibly generating planetary magnetic fields by dynamo processes due to convection of
molten metallic cores (Bryson et al., 2015; Nichols et al., 2016). Recent paleomagnetic
studies in (stony-)iron meteorites suggest that these materials can preserve magnetic records
of planetary fields generated by their parent bodies (Nichols et al., 2016; Maurel et al.,
2020; Nichols et al., 2021). The cloudy zone (CZ), an intergrowth of tightly packed, nanometer-
sized crystals (or islands) of taenite or tetrataenite embedded in a paramagnetic matrix
(Blukis et al., 2017), is the most promising magnetic phase to have possibly recorded an-
cient magnetic activity in meteorites (Uehara et al., 2011). Recently developed novel tech-
niques capable of selectively measuring magnetizations in a pum- to nm-scale (nanopa-
leomagnetism) allowed the first paleointensity estimates based on remanences recorded
in the CZ to be made (Bryson et al., 2014b; Nichols et al., 2016). However, the lack in
theoretical understanding of the CZ’s recording process brings the current estimates into
constant debate and revision (Berndt et al., 2016; Einsle et al., 2018; Maurel et al., 2019).
Taenite islands that form in the CZ at < 400 °C upon cooling might undergo a phase
transition to tetrataenite if the cooling of meteoritic metal is very slow (< 150 — 2500
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°C/Myr, Nichols et al. (2020)). Tetrataenite ordering is suggested to critically affect the
domain state of the island and the ability of CZ to maintain a stable magnetic record-

ing (Einsle et al., 2018). Some key aspects of this ordering process, however, are still poorly
constrained. Understanding which domain states form in nm-sized taenite islands in the
CZ prior to tetrataenite ordering, their temporal stability and how they are modified dur-
ing ordering (i.e., whether any paleomagnetic record in taenite can nonetheless be pre-
served through the phase transition), are all key for constraining the mechanism by which
the CZ records magnetization in meteorites.

Recent micromagnetic models suggests that reliable magnetic recordings are cre-
ated in the CZ through a series of modifications of the islands’ domain states: first, taen-
ite islands (~ 90 nm) form (unstable) single-vortex (SV) states for temperatures > 320
°C; second, SV states in taenite are gradually transformed into (also unstable) multi-
domain (MD) states during tetrataenite ordering at 320 °C (Néel, 1964); finally, the MD
states are transformed into stable SD states as tetrataenite ordering is complete (Einsle
et al., 2018). In this model, the islands’ magnetic domain states fundamentally change
during ordering, thus suggesting that (i) stable SD magnetizations can be recorded only
when tetrataenite orders in the CZ | and (#) that any natural remanent magnetization
(NRM) possibly carried by taenite former to the phase transition is lost during the or-
dering (Einsle et al., 2018). It has thus been widely accepted that reliable paleomagnetic
records in meteorites are only possible in tetrataenite dominated CZs (Maurel et al., 2019;
Nichols et al., 2020). Moreover, the formation of stable SD states in tetrataenite has been
thought to occur only when its precursor taenite is large enough to form SV states (thus
allowing the SV to MD to SD transitions to take place) (Nichols et al., 2020). This se-
ries of assumptions has thus restricted the number of meteorites that could, in princi-
ple, preserve paleomagnetic record. As a consequence, part of the fast cooled iron me-
teorites that experienced cooling rates of the order of ~ 150 °C/Myr to ~ 2500 °C/Myr,
are usually disregarded as possible sources of paleomagnetic records. In these meteorites,
the rapid cooling prevented both the growth in taenite islands (and the formation of SV
states) as well as tetrataenite to order (Nichols et al., 2020). Fast cooled meteorites, par-
ticularly the IVAs, represent an important class of meteorites: they are fragments of plan-
etary cores ejected during collisions between differentiated planetesimals (Asphaug, 2009),
whose complete removal of the overlaid silicate mantle has exposed them to unusually
rapid cooling. Recent planetary models have shown that mantle-stripped cores are likely
to have generated self-exciting magnetic fields as they cooled (Neufeld et al., 2019). The
forthcoming NASA mission Psyche will search for evidence of a past magnetic activity
of the asteroid (16) Psyche (Elkins-Tanton et al., 2017), which is the largest (~ 180-km
diameter) known metal-rich object (~ 30 to ~ 60 vol.% metal, Elkins-Tanton et al. (2020))
in the main asteroid belt and believed to be an exposed metallic core of a mantle-stripped
planetesimal. As a fast cooled metallic body, the (16) Psyche asteroid is likely to have
CZs formed within its metallic materials and, hence, to share the same recording prop-
erties of most IVA meteorites. Assessing the paleomagnetic potential of the CZ in fast
cooled materials is, therefore, a unique opportunity to obtain key constrains on impor-
tant processes of planetary formation, e.g., top — down solidification process (Williams,
2009; Bryson et al., 2017), unconventional dynamo generation mechanisms (Hauck et al.,
2006) and the importance of impacts on planetary formation (Asphaug, 2009; Asphaug
& Reufer, 2014).

In this work, we address two major questions regarding the magnetic recording fi-
delity of iron meteorites: first, we investigate whether or not the taenite-containing CZs
in fast cooled iron meteorites can nonetheless preserve stable natural remanent magne-
tizations over billion-year timescales, which would open the window into using this class
of meteorites to study planetary core formation. Second, we discuss whether the CZ in
other meteorites that experienced slower cooling rates, and which thus contain tetrataen-
ite islands, can possibly retain any previous memory from the magnetization of taenite
islands that existed prior to tetrataenite ordering. In this study, we approach these prob-
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lems by carrying out extensive and systematic finite-element 3D micromagnetic simu-

lations of taenite islands of various sizes and elongations and find that there is a wide

range of taenite island sizes that are thermally stable over billion-year timescales. Ad-
ditionally, we find a narrow size range where fine-grained tetrataenite may possibly re-
tain a previous NRM inherited from the precursor taenite.

2 Methods
2.1 Islands sizes and shapes in the CZ

Einsle et al. (2018) used a combination of different experimental methods to char-
acterize the morphology of the CZ islands of the Tazewell IAB sLH iron meteorite. The
results indicate the predominance of prolate triaxial grains, with elongation varying be-
tween 0 % and 50 % in the intermediate (island sizes between ~ 60 nm and ~ 120 nm)
and fine (< 50 nm) regions of the CZ. These are larger grains sizes than are reported in
the literature for fast cooled meteorites, where the island sizes range from ~ 12 nm to
~ 32 nm (Table S4 in supplementary material). In this work we used finite-element mi-
cromagnetic modelling to investigate the thermal stability of nm-sized taenite with sizes
varying between 10 nm and 90 nm (in equivalent spherical volume diameter, ESVD), con-
sidering two different grain geometries: (i) prolate spheroids and (4) triaxial ellipsoids
(Fig. 1). For both geometries the elongation is set along the [001] (easy-)direction of the
cubic crystal structure of taenite. Percentage elongations varying between 0 % and 50
% are considered, such that 0 % correspond to an equidimensional shape (in this study,
a sphere) and 50 % correspond to a short to long axis ratio (e) equal to 0.5. The triax-
ial particles have an intermediate axis 5 % longer than the short axis (Fig. 1b).

Cle=0.95b

100
010

001

100]

010

Cps = b

Figure 1. Particle geometry. (a) An ellipsoidal geometry with axes length a, b and ¢. The
spheroidal and triaxial ellipsoidal geometries used to describe the grain shapes investigated in
this work are special cases based on this basic geometry. (b) Transversal view of the ellipsoidal
shape depicted in (a). ¢ps: minor axis width for prolate spheroids (which is equal in length to b);

cte: minor axis length for triaxial ellipsoids (= 0.95 b); e: elongation (= b/a).

2.2 Micromagnetic modeling

The finite-element micromagnetic modeling package MERRILL (O Conbhui et al.,
2018) (version 1.5.2) is used to execute the simulations. For taenite, the room-temperature
magnetic parameters used in this work are: saturation magnetization My = 1,273 kA /m,
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anisotropy constant K; = 1 kJ/m? and exchange constant A = 1.13x10"*! J/m (Hjitch

et al., 2003; Gehrmann, 2005). The meshed volumes describing the grains morphology

are created using the software Coreform Cubit (version 2021.11). The resolution of the
mesh of the particle is constrained to be less than the exchange length [ (Rave et al., 1998):

24
o “>

which is ~ 3 nm for taenite. However, for smaller grain sizes an even finer mesh reso-
lution was used: 1 nm for grains between 10 nm and 20 nm, 2 nm for grain sizes between
20 nm and 28 nm, and 3 nm for grain sizes > 30 nm.

The domain structure that minimizes the grain’s internal energy is referred to as
a local energy minimum (LEM) state. We use the software Paraview (Ahrens et al., 2005)
to visualize the domain structure associated to the LEM states. To assess the thermal
stability of a particle, in principle all LEM states must be obtained. Although no com-
putational method guarantees that all LEM states can be determined, by performing a
large number of energy minimization seeded with initial random states for a given vol-
ume, it is possible to observe which LEM states are the most likely to occur. In this work,
for each grain shape, 100 minimizations are performed. From the LEM states it is pos-
sible to estimate the thermal stability of the magnetic state by calculating the energy
barriers (AE) between any two different domain states. The nudge-elastic-band (NEB)
method, implemented in MERRILL’s micromagnetic routine, allows determination of
the minimal energy path over which a transition between two distinct LEM states is likely
to occur (Fabian & Shcherbakov, 2018). The energy barrier AE is then calculated as the
difference between the maximum energy value along the minimal path determined by
the NEB method and the energy of the initial LEM state. Based on AE the thermomag-
netic stability of a domain state is estimated by calculating the relaxation time associ-
ated with the transition using the Néel-Arrhenius equation (Néel, 1949):

AE
T = Tp exp <M> , (2)

with 79 = 107 s the atomic attempt time (Berndt et al., 2015), kp the Boltzmann con-
stant and T the temperature.

3 Results
3.1 Domain states in nm-sized taenite

Micromagnetic results revealed a gradual change in taenite’s domain state, from
uniform to non-uniform, as a function of grain size. Both grain shapes (spheroidal and
triaxial ellipsoidal) exhibit uniform SD states magnetized along the long axis for smaller
sizes Fig. 2a (see supplementary material, Fig. S1), while larger grains display non-uniform
domain states. We observed three different non-SD structures: (i) long-axis-aligned-SV
(LSV), in which a magnetic vortex is aligned with the long axis of the grain (Fig. 2b and
Fig. S1 in supplementary material), (i7) short-axis-aligned-SV (SSV), in which the vor-
tex core is aligned with the short axis (Fig.2c,d) and (7) “twisted-SV” (TSV) states,
in which the vortex core does not follow a straight line (Fig. 2e,f). The latter is possi-
bly a transitional state from a SV to a multi-vortex state.

The critical grain sizes that mark transitions between distinct domain structures
were obtained from size hysteresis loops (Fig. S1 in the supplementary material) (O Conbhui
et al., 2018). There are three critical grain sizes: The transition from SV to LSV (d75y,),
from LSV to SSV (d%2V/), and from SSV to TSV (d73Y,). This sequence of domain states
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a) 28nm (SD) b) 34 nm (Lsv)
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Figure 2. Magnetic domain structures for 30% elongated, spheroidal taenite grains with
different sizes. (a) SD state (28 nm); (b) LSV state (34 nm); (c, d): two different SSV states ob-
served in a 45 nm sized grain; (e) TSV state (70 nm); (f) TSV state (90 nm). The green surfaces
are helicity iso-surfaces. The same domain states and size thresholds were observed in triaxial

grains (see Table S1).
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(SD to LSV to SSV to TSV) was observed in both spheroidal and triaxial grains, and

the critical grain sizes were virtually identical (Table S4 in supplementary material). How-
ever, grains in the SSV to TSV range show an important difference in behaviour depend-
ing on the spheroidal/triaxial shape: while triaxial grains have four distinct stable do-
main states (each differing only in the sign of the total magnetic moment and the sign

of the total vorticity), spheroidal grain’s vortex cores (and therefore, magnetic moment
vectors) are free to rotate about the elongation axis (SSV), or about a certain solid an-
gle around the elongation axis (TSV) (Figure S3 in supplementary material). This ef-

fect is due to the rotational symmetry of spheroidal grains, together with the extremely
weak magnetocrystalline anisotropy of taenite.

3.2 Energy barriers

NEB results indicate two mechanisms of magnetization reversal in the SD size range:
(i) coherent rotation (CR), in which the SD structure as a whole is rotated coherently,
and (%) via vortex nucleation (VN), which involves the nucleation of a magnetic vortex
through the minimized energy path (usually a SSV state, Fig. 2d), rotation of the vor-
tex structure, and reestablishment of a uniform state. CR is observed in grain sizes <
d?D.,, while reversals via VN are observed in the proximity of uniform to non-uniform
transition (i.e., grains sizes < d?5,,). Energy barriers associated to CR reversals are larger
than those that occurs via VN (Fig. 3a).

There are narrow transition zones in the proximity of df?v, dggg, and da?g‘é of

around ~4 to ~12 nm, where more than one domain structure can occur (see Fig. S1

in supplementary material). For instance, in the proximity of df?v, both SD (with higher
internal energy) and LSV (with lower internal energy) states are observed within the mi-
cromagnetic solutions; in these cases, we used only the lowest energy domain states to
calculate energy barriers. Transitions between LSV states of opposite magnetic moment
(Fig. 3e,k) occur through a process similar to coherent rotation, in which the whole vor-
tex structure is rotated coherently (structure coherent rotation, Nagy et al. (2017))

SSV and TSV states in spheroidal grains can occur in any direction about a solid
angle, without any effective energy barrier between these different states. In triaxial grains,
however, the small deformation about the intermediate axis is sufficient to create an en-
ergy barrier of a magnitude comparable or higher than that of LSV transitions (Fig. 3
and S3 in supplementary materials).

3.3 Domain state stability

For spheroidal grains, the smallest SD grains are superparamagnetic, while above
~ 14 nm most are stable over geological time scales (Fig. 4). Up to the 40-50 nm (de-
pending on elongation), particles are LSV and almost all are stable. Above this range,
spheroidal particles become SSV/TSV, and hence have zero energy barrier, allowing them
to freely rotate about a solid angle — their relaxation time therefore approaches zero. Tri-
axial grains, on the other hand (while showing the same behaviour for small sizes), do
not have this rotational symmetry: Therefore, the larger SSV/TSV grains (starting from
30-50 nm depending on elongation), have increasingly larger energy barriers, such that
— apart from a narrow low-stability trough around 30-50 nm — particles become very sta-
ble again.

4 Discussion
4.1 Paleomagnetic potential of fast cooled iron meteorites

Micromagnetic results presented in this work indicate that taenite forms SV states
in grain sizes 2 34 nm (depending on elongation), which is in agreement with previous
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Figure 3. Transitions between different domain state in shperoidal taenite grains. (a—c) En-
ergy barriers, (d-1) domain states of ground state, maximum energy state, and opposite ground
state. Left column: SD—SD transition through coherent rotation (CR); centre column: LSV-LSV
transition; right column: SSV—-SSV transition for a triaxial ellipsoid (TE, blue line) and a prolate
spheroid (PS, orange line). Also in (a): some larger SD states transition through vortex nucle-

ation (VN, orange line), through a sequence given by Figs (d)-(h)-(j).
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Figure 4. Thermal stability / relaxation times of (a) spheroidal, (b) triaxial taenite grains
and (c) within the SD size range for both shapes. In (c), hollow (circle, square, triangles and
diamond) symbols are the relaxation times calculated for island sizes of some IVA meteorites.
We consider particles with 78 % of the island sizes observed experimentally, as this is suggested
to be the approximate size of the islands at 320 °C (Maurel et al., 2019). Lines correspond to
the different elongations (in %). The bars correspond to the highest (50 %) and lowest (20 %)
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transitions were used to calculate relaxation times, respectively. For SD states, transitions can

occur through coherent roation (CR) or via vortex nucleation (VN).
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numerical models (Einsle et al., 2018). Our results also show, however, that there is a
size range, from ~14 nm to ~34 nm, for which taenite forms stable SD states (Fig. 4).
Previous works suggested that taenite islands in the CZ tend to occur in vortex states
and only form SD states upon ordering to tetrataenite under extremely slow cooling (Einsle
et al., 2018). The existence of a SD range in nm-sized taenite grains is important for both
slowly cooled meteorites (as discussed in the next section), and for fast cooled meteorites:
rapid cooling of a meteorite (150 to 2500 °C/Myr, Nichols et al., 2020), such as the IVAs,
both prevents the islands to grow bigger, and prevents taenite from ordering to tetrataen-
ite; they are, therefore, believed to preserve fine-grained (< 50 nm), taenite-containing
CZs (Nichols et al., 2020). It was previously assumed that the low coercivity of bulk taen-
ite implied low thermal stability, making fast cooled meteorites poor candidates for pa-
leomagnetic recorders (Bryson et al., 2014b; Einsle et al., 2018; Nichols et al., 2020). Our
results suggest otherwise: We have shown here that taenite-containing CZs in fast cooled
meteorites are stable over billion-year timescales, and are thus good candidates to pro-
vide reliable paleomagnetic records of ancient dynamo activity in meteorites. Based on
experimentally measured island sizes of IVA meteorites (Yang et al., 1997; Goldstein et
al., 2009), we show that most of them are likely to have formed stable SD taenite grains
at =320 °C (Fig. 4c). Note that fast cooling for iron meteorites is still at sufficiently slow
rates (see Table S4 in supplementary material), that we can expect the change in tem-
perature to be slower than the increase in grain size with respect to controlling the block-
ing of the grains’ magnetization. Therefore, we suggest that fast cooled meteorites are
likely to preserve stable crystallization remanent magnetizations (CRMs) in their CZs
over billion-year timescales. This opens the possibility of assessing ancient dynamo ac-
tivity based on record preserved in taenite-containing CZs of fast cooled meteorites.

4.2 Taenite-inherited remanence in tetrataenite-containing meteorites

Tetrataenite islands in the CZ form through the ordering of disordered taenite is-
lands (Maurel et al., 2019). Our results indicate that most IVA meteorites are likely to
have formed stable SD taenite grains at 320 °C. Fast cooled meteorites contain predom-
inantly fine-grained CZ islands (< 50 nm) and may either avoid ordering to tetrataen-
ite, or in some cases partially or completely order to tetrataenite (e.g., IVA Steinbach,
Bryson et al. (2014a)). In fast cooled meteorites that form tetrataenite in the CZ, the
chemical ordering is likely to take place from an underlying SD state of its precursor taen-
ite — at least for the finer grain sizes. This is fundamentally different to recent numer-
ical models (Einsle et al., 2018) suggesting that large (> 60 nm) SV taenite grains un-
dergo a series of domain modifications during tetrataenite ordering that leads to a com-
plete loss of any taenite-precursor magnetization. While not explicitly shown by our model,
it strongly suggests that a precursor SD taenite island would retain an identical or sim-
ilar SD state upon the phase transition to SD tetrataenite.

Note, however, that during chemical ordering (below 320 °C), tetrataenite aligns
its uniaxial anisotropy axis along one of the (100) directions of the underlying cubic struc-
ture of taenite (Clarke & Scott, 1980; Bryson et al., 2014a; Einsle et al., 2018), such that
the tetrataenite magnetocrystalline easy axis would not necessarily correspond to the
taenite magnetostatic easy (i.e., elongation) axis, which might modify the domain state.
Tetrataenite does, however, tend to align its anisotropy axis in the direction of the ex-
ternal field (Bryson et al., 2014a) — although it is conceivable that the internal magne-
tization of the precursor taenite also influences the orientation of tetrataenite’s anisotropy
axis (and, hence, its easy-directions of magnetization), which would then reinforce the
precursor SD magnetization. It has long been suggested that fine-grained tetrataenite
might inherit the domain state of its precursor taenite (Wasilewski, 1988) (similar to re-
manence inheritance upon maghemitization), and our simulations add weight to this hy-
pothesis for the SD size range. In fast cooled meteorites, the preservation of domain states
during tetrataenite ordering would represent a new mechanism remanence recording by
the CZ, distinct from the domain modifications proposed by Einsle et al. (2018).

—10—
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It is currently assumed that only SD tetrataenite can preserve reliable records in
meteoritic CZs, implying that the temperature at which the islands’ magnetic moment
are blocked is, thus, the temperature at which tetrataenite orders (i.e., 320 °C). How-
ever, our results show that taenite-containing CZs are likely to record stable CRMs as
taenite islands surpass their blocking volume and possibly inherit the uniform state on
subsequent tetrataenite ordering. Taenite-inherited remanences in tetrataenite-containing
CZs suggests, thus, that in fast cooled meteorites, the islands’ bloocking temperature is
not 320°C as usually assumed (Bryson et al., 2014a; Maurel et al., 2019; Nichols et al.,
2020), but is instead somewhere between ~400 °C (i.e., the temperature at which taen-
ite islands form in the CZ) and 320 °C. Based on the reported cooling rate for fast cooled
meteorites (see Table S4 in supplementary material), this could translate to a tempo-
ral discrepancy of up to ~10° years in the timing of magnetic recording: any NRM pre-
served by tetrataenite islands (and measured nowadays), could have been recorded by
stable SD states in taenite islands (as a CRM) up to ~ 10° years before the ordering
started. Larger, SV taenite-precursor islands, may, however, have been completely re-
set upon ordering to tetrataenite, such that these tetrataenite islands would have recorded
a new phase-transition-remanent-magnetization ~ 10° years later. Therefore, fast cooled
iron meteorites, may in-fact carry two distinct remanent magnetizations: one recorded
by the precursor taenite between 320 and 400 °C, and a second one recorded ~ 10° years
later through the phase transition to tetrataenite. In fact, small planetesimals usually
have short-lived thermomagnetic activity, so time lapses of the order of ~10° years might
encompasses completely distinct stages (onset and quiescence of a dynamo, for instance,
Bryson et al. (2017)) of their magnetic history.

5 Conclusions

There are two major implications for paleomagnetic recording in fast cooled me-
teorites that results from this work: First, we showed that, contrary to what is commonly
assumed, most nm-sized taenite grains can preserve stable magnetization states over billion-
yeaers timescales, indicating that taenite-containing CZs can provide reliable paleomag-
netic records of ancient activity in meteorites. This gives a unique opportunity of inves-
tigating key aspect of core formation and dynamo generation based on magnetic records
preserved in these meteorites. Second, we suggest that tetrataenite-containing CZs in
some fast cooled might preserve a taenite-inherited remanence, recorded on growth of
taenite islands and inherited by tetrataenite as it orders. The preservation of stable SD
taenite states through tetrataenite ordering would impact the timing of paleomagnetic
record: NRMs preserved by tetrataenite islands (and measured nowadays) might reflect
an (up to ~ 10° years) older CRM, recorded as taenite islands grew bigger and preserved
through subsequente tetrataenite ordering. A more constrained blocking estimate requires,
however, the knowledge of the temperature-dependence of (tetra)taenite’s properties, as
well as the understanding of how the ordering affects the island’s domain states — both
effects are still poorly understood. Undestanding these key aspects can provide additional
constrains on the timing of magnetic recording in meteoritic CZs, which is essential to
obtain meaningful estimates of paleomagnetic activity in meteorites.

6 Open Research

All results reported here were generated using the open source micromagnetic mod-
eling code MERRILL (Conbhuf et al., 2018). A complete guide to installation and use
of MERRILL is described here: https://blogs.ed.ac.uk/rockmag. The data required
to reproduce our results (MERRILL script and geometries) is available at https://github
.com/devienne/taenite_tetrataenite.
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