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Paleomagnetic studies of meteorites have shown that the solar nebula was likely magnetized and that
many early planetary bodies generated dynamo magnetic fields in their advecting metallic cores. The
surface fields on these bodies were recorded by a diversity of chondrites and achondrites, ranging in
intensity from several uT to several hundred pT. In fact, an achondrite parent body without evidence for
paleomagnetic fields has yet to be confidently identified, hinting that early solar system field generation
and the dynamo process in particular may have been common. Here we present paleomagnetic
measurements of the ungrouped achondrite NWA 7325 indicating that it last cooled in a near-zero
field (<~1.7 uT), estimated to have occurred at 4563.09 & 0.26 million years ago (Ma) from Al-Mg
chronometry. Because NWA 7325 is highly depleted in siderophile elements, its parent body nevertheless
underwent large-scale metal-silicate differentiation and likely formed a metallic core. This makes NWA
7325 the first recognized example of an essentially unmagnetized igneous rock from a differentiated early
solar system body. These results indicate that all magnetic fields, including those from any core dynamo
on the NWA 7325 parent body, the solar nebula, young Sun, and solar wind, were <1.7 uT at the location
of NWA 7325 at 4563 Ma. This supports a recent conclusion that the solar nebula had dissipated by ~4
million years after solar system formation. NWA 7325 also serves as an experimental control that gives
greater confidence in the positive identification of remanent magnetization in other achondrites.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction many bodies experienced large-scale metal-silicate fractionation
during this period (Kruijer et al., 2014). Thermal and compositional
core convection (Nimmo, 2009), possibly combined with mechan-

ical stirring from impacts, likely powered core advection for ten

The existence of dozens of achondrite groups and ungrouped
achondrites indicates that numerous planetesimals experienced

large-scale melting and differentiation in the early solar system
(Scheinberg et al., 2015b). Much of the energy for melting was
likely supplied by the decay of the short-lived radionuclide 26Al,
which should have substantially heated bodies that accreted a
large fraction of their masses within 2 million years (My) after the
formation of calcium aluminum-rich inclusions (CAls) (Weisberg
et al., 2006). Hf-W chronometry of iron meteorites confirms that
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to perhaps a few hundred My (Bryson et al., 2015; Elkins-Tanton
et al, 2011; Formisano et al., 2016; Scheinberg et al., 2015a;
Sterenborg and Crowley, 2013).

Scaling relationships derived from magnetohydrodynamic sim-
ulations of convecting metallic cores indicate that many of these
bodies should have been capable of generating dynamos (Weiss
et al,, 2010). Indeed, essentially every achondrite group that has
yet been studied with modern paleomagnetic methods has been
found to contain ancient natural remanent magnetization (NRM):
evidence for past core dynamos has been identified in plutonic
angrites (Wang et al.,, 2017), eucrites (Fu et al.,, 2012), and main
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group pallasites (Bryson et al., 2015; Tarduno et al., 2012). Rema-
nent magnetization attributed to possible core dynamos has even
been found in CV (Carporzen et al., 2011; Gattacceca et al., 2016)
and CM chondrites (Cournéde et al., 2015). Although a study of five
eucrites including ALHA81001 and PCA 82502 concluded that they
recorded low-field (<10 uT) conditions (Cisowski, 1991), this study
lacked precise radiometric ages and thermochronometry, used only
relatively low-field alternating field (AF) demagnetization, and was
unable to prevent thermochemical alteration of the samples dur-
ing thermal demagnetization; recent studies of ALHA81001 and
PCA 82502 identified stable, unidirectional NRM of extraterrestrial
origin acquired in fields of ~12 and ~70 puT, respectively (Fischer
et al., 2013; Fu et al., 2012). All told, the available paleomagnetic
data indicate that planetesimal dynamos were likely common, if
not ubiquitous, in the early solar system.

Nevertheless, it is expected that not all differentiated bodies
that underwent large-scale metal-silicate fractionation should have
been capable of generating dynamos. There are numerous reasons
a dynamo might be inhibited on a differentiated body. First, it
is possible that a body underwent large-scale metal-silicate frac-
tionation but formed localized, dispersed metal-rich regions rather
than a large metallic core. The low gravity and possibility of in-
complete melting on planetesimals means that even if temper-
atures exceeded that of the Fe-S solidus, metal percolation to
the center of planetesimals was not guaranteed (Cerantola et al.,
2015). Possible examples of such bodies include the winonaite-
IAB iron meteorite parent body and the IIE iron meteorite par-
ent body (Ruzicka, 2014). Second, even if a metallic core formed,
it may have not advected. Thermal convection would be inhib-
ited by sufficiently slow cooling rates, as might be expected if
the overlying mantle was solid and sufficiently thick; such an
outcome may be consistent with the proposal that planetesimals
never formed silicate magma oceans but only melted episodically
and in small quantities (Wilson and Keil, 2012). Compositional
convection is a potent power source but is only expected for
metallic cores containing a light alloying element (Nimmo, 2009).
Furthermore, although both outward core crystallization and in-
ward core crystallization in the iron snow regime (Riickriemen et
al., 2015) provide a buoyancy flux for driving convection, inward
dendritic core crystallization does not (Scheinberg et al., 2015a).
Third, even if the metallic core advected, it still might not gener-
ate a dynamo. Fluid velocities may be too slow, as expected for
core radii smaller than ~80-100 km (Elkins-Tanton et al., 2011;
Nimmo, 2009; Weiss et al., 2010) or perhaps even ranging up to
radii of 1000 km (Sterenborg and Crowley, 2013), or the velocity
field may have an unsuitable geometry (e.g., not lead to a field-
amplification instability) (Stevenson, 1983). One or more of these
reasons can account for why, among all rocky and icy solar sys-
tem bodies, only the Earth, Mercury, and Ganymede are known
to have active dynamos today (Stevenson, 2010). Finally, even if
a body generated a dynamo, meteorites from this body may not
retain records of this field if the meteorites were last cooled or
aqueously altered when the dynamo was not active. In particular, it
has recently been argued that thermal blanketing of planetesimal
cores by 26Al-enriched mantles should delay thermal convection
dynamos until at least several million years after differentiation
(Sterenborg and Crowley, 2013).

We see that there is every expectation that differentiated plan-
etesimals should have formed in the early solar system that either
never generated magnetic fields or at least produced fields not
recorded by achondrites from these bodies. Searching for such ex-
amples would not only establish the frequency and diversity of
planetesimal dynamo activity, but also test the methodologies that
have been developed for identifying dynamos from the meteorite
record. In short, demonstrating our ability to identify unmagne-
tized meteorites would build greater confidence in our identifica-

tion of magnetized meteorites. Additionally, identification of un-
magnetized meteorites would enable constraints on the intensity
of magnetic fields generated external to their parent bodies like,
those from the solar nebula and early solar wind.

Because arbitrarily weak paleofields will produce essentially no
detectable NRM, it is not possible to demonstrate that an appar-
ently unmagnetized rock formed in truly zero-field conditions but
only to place an upper limit on the paleofield. Even so, meteorites
with near-zero paleointensities are difficult to identify because
they are unfamiliar: essentially all Earth rocks that have been stud-
ied with paleomagnetic methods formed in the geomagnetic field.
Furthermore, numerous processes can impart secondary magneti-
zation after the meteorites arrive at Earth and enter the geomag-
netic field: surficial heating during atmospheric entry, weather-
ing and associated crystallization of ferromagnetic grains, viscous
remanence acquisition, and application of hand magnets by me-
teorite collectors (Weiss et al., 2010). Another major problem is
the acquisition of spurious remanence during the laboratory de-
magnetization process. The ferromagnetism of the vast majority
of basaltic achondrites is dominated by the iron-nickel minerals
kamacite and martensite, which usually form low-coercivity, mul-
tidomain grains that readily acquire spurious remanence during
alternating field (AF) demagnetization (Weiss et al., 2010). This
spurious remanence could potentially be mistaken for NRM or,
at the very least, limits out ability to put stringent upper lim-
its on the paleointensities for these samples. Furthermore, thermal
demagnetization of these samples typically leads to thermochem-
ical alteration of these iron-nickel minerals (Suavet et al., 2014),
which can render paleointensities measured using laboratory heat-
ing methods inaccurate. Finally, because individual ferromagnetic
grains have spontaneous magnetization even when the bulk rock
is not magnetized, paleomagnetic analysis of small samples (as is
common in extraterrestrial paleomagnetic studies) is fundamen-
tally limited by the statistics of small numbers of grains (Berndt
et al, 2016; Lima and Weiss, 2016). As a result of these limi-
tations, only recently have we been able to confidently identify
largely unmagnetized rocks from the Moon that place meaningful
upper limits (<4 uT) on the paleofield after 3.5 Ga (Tikoo et al.,
2014).

Identification of null magnetic field conditions on an early plan-
etesimal requires an ancient, well-preserved sample with high-
fidelity magnetic recording properties. Here we present paleo-
magnetic, petrographic, and 4°Ar/3?Ar analyses of the ungrouped
basaltic achondrite Northwest Africa (NWA) 7325. Our measure-
ments show that this meteorite was last cooled from above the
peak magnetic disordering temperature (~780°C) in a field of no
greater than ~1.7 pT.

2. Petrology, thermal history, and age of NWA 7325

NWA 7325 is a dark green achondrite partially covered with
a chartreuse-colored fusion crust found as 37 separate pieces
in southern Morocco in 2012 (Barrat et al., 2015; Irving et al.,
2013). It is an unbrecciated, fine- to medium-grained (typical grain
size 0.5-1 mm) plutonic rock (probably a cumulate) composed of
56 vol.% calcic plagioclase, 27 vol.% diopside, 16 vol.% forsterite and
accessory troilite containing Cr-rich lamellae, chromite, and FeNi
metal.

NWA 7325 is thought to have been produced as a partial
melt in the rocky exterior of a highly differentiated parent body
(Barrat et al., 2015; Weber et al., 2016). Its abundances of highly
siderophile elements are depleted by 3-4 orders of magnitude rel-
ative to CI chondrites, suggesting that its parent body underwent
large-scale metal-silicate fraction (Archer et al., 2015). NWA 7325’s
distinctive elemental composition and unique combination of O
and °4Cr isotopes (Barrat et al., 2015; Irving et al., 2013) indicate
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that it is derived from a parent body not sampled by other achon-
drites. It has even been suggested that this parent body could be
Mercury (Irving et al., 2013; Koefoed et al., 2016).

With a pyroxene Pb-Pb age of 4563.4 £+ 2.6 Ma, an Al-Mg
model age of 4563.09 4+ 0.26 Ma (Koefoed et al., 2016) and a I-Xe
model age of 4563.4 £+ 0.26 Ma (Gilmour and Crowther, 2017)
NWA 7325 has one of the oldest crystallization ages amongst
known igneous rocks. Although cracks in the meteorite contain
secondary carbonate from terrestrial weathering and very rare
secondary oxides (Barrat et al., 2015; Weber et al., 2016), NWA
7325 is overall very fresh and nearly all metal grains are unal-
tered. Nevertheless, multiple lines of evidence suggest that fol-
lowing its formation, NWA 7325 was substantially reheated and
partially melted, followed by rapid cooling. Olivines in the mete-
orite exhibit undulatory extinction and fracturing while plagioclase
is not maskelytinized, suggesting the meteorite experienced shock
pressures of 5-10 GPa (shock stage 2) (Weber et al., 2016). De-
spite these relatively low shock pressures, there is abundant ev-
idence for a brief high-temperature event that led to localized
melting. A second generation of fine (<20 pm) plagioclase laths
crystallized in cracks and at grain boundaries with mafic miner-
als, in some cases in contact with SiO,-normative late-stage melts
(Weber et al., 2016). Furthermore, plagioclase contains finely dis-
persed tiny (<5 pm) metal and iron sulfide grains, suggesting it
was melted and then cooled rapidly (Weber et al., 2016) (Fig. 1A,
D-E). As described in Section 3.1, our observations of partial desul-
furization of FeS provide additional evidence for this remelting
event. 26Al (Barrat et al, 2015) and '2°Xe (Weber et al., 2016;
Gilmour and Crowther, 2017) isotopic data are consistent with this
melting event occurring just ~4 My after the formation of CAls.
Such an early age for this thermal event is also consistent with
bulk rock and plagioclase 49Ar/3°Ar ages of 4516 + 160 Ma and
4481 + 150 Ma (Weber et al., 2016).

In an attempt to further constrain the age and thermal history
of NWA 7325, we conducted °Ar/39Ar stepwise degassing analy-
sis of a neutron-irradiated bulk chip from the meteorite (Fig. S1).
As described in the supplementary text, this experiment was not
successful due to a lack of statistical concordance of the results.

3. Ferromagnetic grains
3.1. Mineralogy

To determine the mineralogy and constrain the grain size and
setting of the ferromagnetic minerals in NWA 7325, we con-
ducted backscattered electron microscopy (BSEM), electron dis-
persive spectroscopy (EDS), and transmission electron microscopy
(TEM) analyses in the MIT Experimental Petrography Lab, Harvard
Center for Nanoscale Science, and LeRoy Eyring Center for Solid
State Science at Arizona State University. These data collectively
confirm the presence of numerous fine (mostly <1 pm size, with
many grains <0.1 pym) metal and Cr-rich iron sulfide grains show-
ing few secondary alteration textures (Figs. 1 and S2 and Table S2).
Wavelength dispersive spectroscopy (WDS) showed that nearly all
metal grains are FeNi metal (87-92% Fe alloyed with 5-10% Ni),
although we observed one large Cr-rich FeNi grain (Table S2 and
Fig. 1B). Multiple WDS analyses taken from within single metal
grains did not detect significant variations in Ni abundances, while
our high-contrast BSEM and bright-field TEM images show no ev-
idence of exsolution textures in the metal grains down to the res-
olution of the images (~0.1 pm and <10 nm, respectively). There-
fore, the metal grains’ Ni-abundance indicates that they should be
dominantly in the form of the body-centered cubic (bcc) phase
martensite (a2-FeNi). Electron diffraction patterns from the FeNi
grains confirm a bcc structure (Fig. 1F-G). The presence of lamel-
lar twins and evidence for lattice strain in some of these metal

particles (Fig. 1H) are consistent the presence of lath martensite,
the expected martensite morphology for the low-Ni, low-C compo-
sition of the metal in NWA 7325 that crystallized from the parent
y-FeNi (fcc) phase (Krauss, 2005). The host for the metal particles
is polycrystalline plagioclase, consisting of nanocrystals with an ap-
parent lattice-preferred orientation (Fig. 1F). The metal particles
are closely associated with FeS grains and voids in the plagioclase
(Fig. 1E-F). This association suggests that the metal formed by the
partial desulfidization of the FeS, producing metal and sulfur vapor,
providing more evidence for a second melting event after forma-
tion of the rock (see Section 2.1).

Our rock magnetic experiments provide further evidence that
martensite is the dominant ferromagnetic mineral and addition-
ally constrain its domain size and coercivity. Martensite with the
composition found in NWA 7325 should have martensite-start
and martensite-finish temperatures ranging between 680-510°C
and 630-430°C, respectively, and austenite-start and austenite-
finish temperatures of 760-680°C and 780-700°C, respectively
(Swartzendruber et al., 1991). These temperatures are consistent
with our thermomagnetic measurements (Fig. 2), which show
hysteretic behavior indicative of sluggish transformations from
o-FeNi to y-FeNi occurring at 760-800 °C during warming and
y-FeNi to «,-FeNi at ~550-560°C during cooling. Our measure-
ments of saturation magnetization, M, of subsamples SR1 and JG2
of NWA 7325 indicate a metal abundance of 243 and 358 ppm by
mass [assuming a Mg for pure Fe of 224 Am?kg~! (Dunlop and
Ozdemir, 1997)].

Low-temperature cycling of room-temperature saturation rema-
nence, M, using a Quantum Designs Magnetic Properties Mea-
surement System at the Institute for Rock Magnetism identified
a weak magnetic transition at a temperature of ~118 K, consis-
tent with the Verwey transition of magnetite [although no Ver-
wey transition was detectable in a field cooled warming of low
temperature M;s experiment] (Fig. S3). Given the small observed
saturation remanence decrease (average of 2.85 x 10~> Am? kg™!
across the Verwey transition temperature for two repeat field-
cooled warming experiments), magnetite’s M; of 92 Am?kg~!,
assuming the magnetite grains are pseudo single domain (PSD)
in size and so have M,s/Ms ~ 0.1, and assuming demagnetization
of magnetite’s M,s by 50% across the Verwey transition (Ozdemir
et al., 2002), this indicates that NWA 7325 contains just ~6 ppm
magnetite by mass, consistent with petrographic evidence for very
minor terrestrial weathering (see above).

3.2. Thermochemical stability of magnetization carriers

The valence states of Cr, V, and Ti in NWA 7325 indicate the
meteorite formed under highly reducing conditions with an esti-
mated oxygen fugacity somewhere between 2 and 7 log units be-
low the iron-wiistite (IW) buffer (Sutton et al., 2014). As a result,
we conducted our thermal demagnetization and paleointensity
analyses (Sections 4 and 5) under controlled oxygen fugacity con-
ditions to mitigate thermochemical alteration of the ferromagnetic
grains. However, because of the large range in oxygen fugacity esti-
mates for NWA 7325, we first heated subsamples of the meteorite
under a range of reducing conditions and temperatures to estab-
lish the optimal oxygen fugacity for mitigating alteration of the
rock magnetic properties. These experiments were conducted in a
thermal demagnetization system that employs regulated CO,-H;
gas mixing (Suavet et al., 2014).

Prior to each heating step, we conducted repeated rock mag-
netic experiments to quantify the effect of subsequent heating on
the magnetization carrying-capacity of the rock. Beginning with
fresh unheated samples, we measured anhysteretic remanent mag-
netization (ARM) acquisition in a peak alternating field (AF) of
200 mT and bias fields ranging from 0.05 to 1.5 mT, AF demag-
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Fig. 1. Electron microscopy analyses of NWA 7325. (A) Overview BSEM image showing dominant occurrence of FeNi and FeS grains as submicrometer inclusions in plagioclase
(plag). Plagioclase commonly exhibits reaction relationships with adjacent diopside (diop), suggestive of a partial remelting event after formation. (B) BSEM image of rare
CrFeNi metal grains. (C) BSEM image of rare secondary Fe oxide metal grains associated with an FeNi-FeS assemblage. (D) BSEM image showing plagioclase (dark gray) with
disseminated particles of Fe-Ni metal (white) and troilite (FeS; light gray). The metal and sulfide phases form intergrown assemblages with diameters ranging from tens of
nanometers to several micrometers. (E) Higher magnification BSEM image of boxed region in (D) showing composite FeS and FeNi particles in plagioclase with associated
voids (dark zones adjacent to some metal and sulfide particles). (F) Bright-field (BF) TEM image of an FeS crystal (medium grey) in contact with two FeNi particles (dark
grey) and a void (lightest grey) within a polycrystalline aggregate of anorthitic plagioclase (plag). Albite twins in the anorthite are visible as bands of alternating diffraction
contrast (arrows). The inset convergent-beam electron diffraction (CBED) pattern, from the lower FeNi particle, is indexed as a <111 > zone axis pattern for body-centered
cubic (Im3m) «-FeNi. The mottled contrast visible in the central beam and diffraction spots of the CBED pattern illustrate local lattice strain within the FeNi crystal. (G) BF
TEM image of an FeNi particle showing a lamellar twin bounded by planar twin boundaries (arrows). The FeNi, twin domain (dark) is imaged along the [113] zone axis and
the FeNi, domain is imaged nearly along [113]. Local variations in diffraction contrast within the twin domains indicate local lattice strain associated with a high density
of defects. (H) Selected area electron diffraction (SAED) pattern of the twinned crystal shown in (G). The pattern consists of two [113] zone axis patterns related by a ~28°
rotation about [113]. The patterns were collected with domain FeNi, aligned along [113] and domain FeNi, slightly off [113]. As shown in Fig. S2, this twin relationship is
consistent with the martensitic phase transition from y-FeNi (fcc) to az-FeNi (bcc).

netized this ARM to 400 mT, conducted stepwise IRM acquisition measured stepwise IRM acquisition up to 1 T. This sequence of
up to 1 T, and finally AF demagnetized this IRM to 400 mT. We measurements was then repeated for increasingly higher heating
then gave the samples another IRM in a 1 T field and then heated temperatures ranging up to 600°C and in oxygen fugacity condi-
them to a particular temperature in zero field. We then AF de- tions ranging from IW to well below IW-4 [the most reducing ex-
magnetized this partially thermally demagnetized IRM and again periments employed essentially pure (99.995%) lab-grade H; gas].
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Fig. 2. Saturation magnetization of NWA 7325 subsample SR1 as a function of
temperature during heating up to 800°C and cooling down to 350°C. Fitting the
warming data over the interval of 400-750°C with the extrapolation method of
Moskowitz (1981) yields a mean austenite-finish temperature (i.e., martensite-to-
austenite transition temperature) of 762-796 °C. Although this method is designed
to quantify Curie temperatures, it should give an accurate estimate of the austenite-
finish temperature because the latter is very close to martensite’s 780°C Curie
temperature. These data were acquired on fresh (unheated) subsample SR1 follow-
ing all other rock magnetic measurements on this subsample (Figs. 4 and S2).

The results show that under all oxygen fugacity conditions studied,
thermochemical alteration of the magnetic carriers, manifested as
strong increases in magnetization intensity, occurred after temper-
atures reached 400 °C, at which point ARM and IRM reached values
~3 times that of the original unheated sample (although one sub-
sample heated under IW-3 conditions, 7B3B, remained relatively
unaltered up to at least 500°C) (Fig. S4). The condition that re-
sulted in the least alteration at 300°C was IW-3 (for which ARM
and IRM increased by several tens of %), although IW-2 and IW
conditions yielded very similar results. Even so, after heating in
IW-3 conditions to 500°C and 800°C, ARM and IRM increased by

front view

40 pm

factors of ~2-6 and ~7-10, respectively. Our inability to mitigate
alteration may reflect the fact NWA 7325 cooled under temporally-
varying oxygen fugacity conditions; this possibility is consistent
with the 5 orders of magnitude range in oxygen fugacity estimates
for the meteorite (Sutton et al., 2014). Another likely problem is
that we did not control for sulfur fugacity despite the presence of
sulfides in the meteorite.

3.3. Grain size and habit

Determining the domain size and habit of ferromagnetic grains
is important for establishing whether the grains can retain high-
fidelity records of ancient magnetic fields and also for calibrating
our non-thermal paleointensity analyses (Section 5.2). As discussed
in Section 3.1, our BSEM and TEM images observed FeNi grains
with sizes mainly ranging from 0.1 to 1 pm. This range indicates
a dominantly PSD size range (Einsle et al., 2016). To obtain addi-
tional information on the domain size and habit of the FeNi grains,
we conducted X-ray tomography and hysteresis measurements.

To image the three dimensional sizes and shapes of the larger
FeNi grains, we conducted synchrotron-based full-field transmis-
sion hard X-ray microscopy (TXM) using a recently developed
transmission hard X-ray microscope at beamline X8C at the Na-
tional Synchrotron Light Source (NSLS), Brookhaven National Labo-
ratory (BNL) (Wang et al., 2012). TXM has the advantage over TEM
of enabling three dimensional analyses over much larger fields of
view. We mounted a mm-sized grain from of NWA 7325 on a tung-
sten carbide pin, which was then placed on a kinematic stage. To
target the FeNi minerals, we used an X-ray energy of 7.2 keV, just
above the Fe absorption K-edge (7.112 keV) (Baker et al., 2012).
We acquired images each with a field-of-view of 40 pm x 40 pm
and an effective pixel size of 40 nm after using 2 x 2 pixel bin-
ning. We then stitched together the TXM images to construct a
240 x 240 pm image (Fig. 3A). We then rotated the sample 90°
and conducted the same X-ray imaging for a side view (Fig. 3B).
For a 40 pm cylindrical volume near the tip of the sample, we also
conducted tomographic scans by taking 721 single X-ray images
every 0.25° from 0° to 180°, which were then used reconstruct
a three-dimensional rendering of the cylinder (Movie S1). These
X-ray data confirm the existence of abundant <1 pm sized iron
mineral grains with similar sizes as those visible in the SEM im-
ages (Fig. 3C and D).

side view

40 ym

Fig. 3. TXM imaging of NWA 7325. (A) Mosaic TXM image of a silicate grain from NWA 7325 stitched from 40 pm x 40 pm images (2 x 2 pixel binning), front view.
(B) Side view of the same NWA 7325 grain. (C, D) Zoom-in to areas containing fine iron-bearing particles. (E-G) Selected frames (0°, 45°, and 90°) from the tomographic
three-dimensional reconstruction movie (Movie S1) of a 40 pm cylindrical volume of NWA 7325. In (A)-(D), higher concentrations of iron are darker, whereas in (E) to (G),

higher concentrations of iron are brighter.
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Fig. 4. Hysteresis properties of NWA 7325. (A) Room temperature hysteresis loop
measured for fresh NWA 7325 subsample SR1. Shown is sample moment as a func-
tion of applied field. The black curve represents the hysteresis loop after subtraction
of paramagnetic and diamagnetic contributions. The gray curve represents the raw
(uncorrected) data. (B) Dunlop-Day plot (Dunlop, 2002) showing the ratio of coer-
civity of remanence to coercivity (Bc-/B.) versus the ratio of saturation remanence
to saturation magnetization (Ms/Ms) for NWA 7325 subsamples. Single domain
(SD), pseudo single domain (PSD) and multidomain (MD) ranges calculated for mag-
netite are indicated, as well as mixing lines between SD and MD and between SD
and superparamagnetic (SP) of different sizes are also indicated. Unheated sub-
samples and subsamples previously heated are denoted by black and red circles,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

We measured hysteresis loops on fresh subsamples (SR1, JG2,
and SR3) and samples previously heated to 400°C in IW condi-
tions and 800°C in IW-3 conditions (samples 7B3 and SR1a, re-
spectively) with vibrating sample magnetometers at the Institute
of Rock Magnetism (maximum applied field 1.5 T) and CEREGE
(maximum applied field 1 T) and with a Princeton Measurements
Corporation Micromag 2900 alternating gradient force magnetome-
ter (AGFM) in the Rutgers University Paleomagnetism Laboratory.
The measured M;s/M; values and ratios of coercivity (B.) to coer-
civity of remanence (B, ) for all subsamples indicate a mean grain
PSD grain size with a possible small contribution of superparamag-
netic (SP) grains (Dunlop, 2002; Einsle et al., 2016) (Table S3 and
Fig. 4). The presence of SP grains and/or multidomain (MD) grains
is also indicated by the observation of remanence decay experi-
enced during warming of a low-temperature saturation remanence
(Fig. S3B).

We also measured first-order reversal curves (FORC) (Harrison
and Feinberg, 2008) for one fresh and two heated subsamples
with the Rutgers AGFM. The FORC data were processed using the
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Fig. 5. FORC diagrams for NWA 7325. Shown is B, (a measure of magnetostatic
interactions) on the ordinate versus B, (coercivity) on the abscissa. The color bar
shows the probability density of hysterons belonging to a given combination of B,
and Bc. (A) Fresh subsample SR3. (B) Subsample 7B3C, previously heated to 400°C
in IW conditions. (C) Subsample SR1a, previously heated to 800°C in IW-3 condi-
tions. (For interpretation of the colors in this figure, the reader is referred to the
web version of this article.)

software package FORCinel v. 2.01 (Harrison and Feinberg, 2008)
with a smoothing factor of 6 (for fresh subsample SR3) and 3 (for
heated subsamples 7B3C and SR1a) (Fig. 5). The magnetization of
the fresh subsample SR3 is relatively weak, with a barely distin-
guishable narrow central ridge with coercivity B, ranging up to
80 mT, consistent with PSD FeNi grains and a weak low-coercivity
(B¢ < 10 mT) signal with a wide range in H,, indicative of MD
ferromagnetic grains (Fig. 5A). The FORC diagram of heated sub-
sample 7B3C (Fig. 5B) shows a clear narrow high coercivity cen-
tral ridge, accompanied by an even stronger low coercivity signal,
while subsample SR1a (Fig. 5C) shows an even stronger and wider
low coercivity signal and virtually no high coercivity central ridge.
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The FORC diagrams of the fresh and heated-to-400 °C subsamples
indicate a mixture of PSD grains, while the heated-to-800°C sub-
sample has a larger contribution from MD grains, indicating that
the 800°C heating treatment severely altered the mineralogy of
the magnetic grains within NWA 7325 even in the controlled fO,
= IW-3 environment.

These results are consistent with the conclusions in Section 3.1
and 3.2. All told, a diversity of imaging and rock magnetic tech-
niques establishes that NWA 7325 contains dominantly single-
phase FeNi martensite grains with sizes of 0.1-1 pm. These grains
should be dominantly in the PSD vortex state, which has recently
been shown to behave like stable uniaxial single domain particles
with high unblocking and blocking temperatures and high resis-
tance to remagnetization by hand magnets and viscous relaxation
(Almeida et al.,, 2016; Einsle et al., 2016). In particular, any rema-
nence in NWA 7325 that formed in the early solar system would
likely have been stable against viscous decay over the history of
the solar system: Néel theory shows that single domain grains
with 1-h blocking temperatures >~200°C would be stable over
4.5 Gy at 0°C (Garrick-Bethell and Weiss, 2010); a similar con-
clusion likely holds for the fine PSD grains in NWA 7325 (e.g.,
Winklhofer et al., 1997). This means that NWA 7325 has unusually
high magnetic recording fidelity compared to most FeNi-bearing
achondrites (Weiss et al., 2010).

4. Demagnetization of NRM
4.1. Methods

We analyzed the NRM of subsamples from 14 parent stones ac-
quired by S. Ralew with masses ranging from 0.3-2.1 g. All NRM
and associated demagnetization measurements were conducted in
the MIT Paleomagnetism Laboratory inside a shielded room (DC
field <200 nT) using a 2G Enterprises Superconducting Rock Mag-
netometer (SRM) 755 equipped with automated AF demagnetiza-
tion and remagnetization equipment (Kirschvink et al., 2008). De-
magnetization data will be posted in the Magnetics Information
Consortium (MagIC) database (https://www?2.earthref.org/MagIC/).
Most sample handling was conducted in a class ~10,000 clean
laboratory inside this shielded room. As expected for desert me-
teorites, most of these stones were found to be essentially com-
pletely remagnetized by collectors’ hand magnets, as indicated by
ratios of NRM to SIRM >10%. However, we found that at least 4 of
these stones escaped being touched with a hand magnet as indi-
cated by a lack of high-intensity NRM overprints. We selected one
of these stones, NWA 7325 sample B7 (mass of 1.55 g) for more
detailed paleomagnetic analyses.

Sample B7 contained no obvious fusion crust and showed few
macroscopic signs of weathering. We measured nine mutually ori-
ented subsamples with masses ranging from 70 to 107 mg cut
from parent sample B7 using a wire saw lubricated with alcohol
in our shielded clean laboratory. Three of these samples (B71-B73)
were subjected to static three axis AF demagnetization up to either
85 or 150 mT. These samples were mounted with cyanoacrylate
on to GE 124 silica glass slides with moments <10~11 Am?2. The
sample magnetic moments were measured after AF application
in each of the three orthogonal directions. To reduce the acqui-
sition of spurious remanence, we repeated AF applications 2-4
times for each AF level and averaged the measurements following
the Zijderveld-Dunlop method (Tikoo et al., 2014). The remain-
ing six subsamples (B74-B79) were thermally demagnetized up
to either 400, 515 or 800°C in a controlled Hy-CO, atmosphere
(Suavet et al, 2014) under IW-3 conditions in an ASC Scientific
Model TD48-SC thermal demagnetizer [see Section 3.2]. Samples
B74 and B75 were heated without any disk mounts or adhe-
sives but measured on GE 124 disks using magnetically clean tape
(total moment <1 x 10~ Am?), while B76-B79 were glued to

GE 124 disks with potassium silicate for the entire demagnetiza-
tion and measurement process (total moment <1 x 101 Am?).
Two of the thermally-demagnetized samples (B74 and B75) were
pre-treated with AF demagnetization to 5 mT prior to beginning
thermal demagnetization to remove any weak IRM overprints (al-
though, as described in Section 4.2, such overprints were found not
to be present). The three-axis moment noise level of the MIT 2G
SRM superconducting sensors under typical operating conditions
in the MIT Paleomagnetism Laboratory is <1 x 10712 Am? (Wang
et al,, 2017). As such, in this study, the moments of the silica disk
mounts are the main factor limiting the sensitivity of the 2G SRM
measurements, such that our estimated moment uncertainty here
is 0.5-1 x 10711 Am?,

4.2. NRM components

NRM components were identified using principal component
analysis (PCA) (Kirschvink, 1980). AF and thermal demagnetization
isolated two NRM components that are approximately unidirec-
tional across the parent sample (Figs. 6 and 7 and Table S4). A rel-
atively strong low coercivity (LT), low temperature (LT) component
unblocked up to a peak AF of 4-16 mT and a peak temperature
of 165-340°C. Two subsamples contained a weak, medium coer-
civity (MC), medium temperature (MT) component that unblocked
from the end of the LC/LT component up to a peak AF of 20.5 mT
and temperature of 378 °C. After removal of the MC/MT compo-
nent, further demagnetization produced an approximately spher-
ical cloud of vector endpoints with no demagnetization. The ob-
served moment variations at this point were ~50 times the noise
limit imposed by the silica holder moments (see Fig. 6 legend) and
so indicate near-total demagnetization of the NRM in combination
with spurious remanence acquisition from the AF waveform rather
than measurement noise (see Section 4.1). PCA fits to this high co-
ercivity (HC) and high temperature (HT) range not constrained to
the origin have maximum angular deviation (MAD) values ranging
from 30-46°. The high MAD values and lack of decay in magneti-
zation intensity are strong indicators that there is no NRM blocked
in the HC/HT range.

5. Paleointensity experiments
5.1. Overview

We conducted paleointensity experiments using both thermal
and non-thermal methods. The advantage of thermal methods is
that, if alteration can be mitigated, they directly reproduce the
acquisition process by which any thermoremanent NRM was ac-
quired and so in principle permit more accurate paleointensi-
ties than non-thermal methods. However, the accuracy of thermal
methods is fundamentally limited by thermochemical alteration of
the samples during heating (i.e., due to oxidation reactions and due
to conversion of martensite to taenite). As shown in Section 3.2,
our thermal alteration experiments demonstrated that even in our
controlled atmosphere, NWA 7325 experiences significant thermo-
chemical alteration above 400 °C.

5.2. Methodology

We estimated the paleointensities for the components in NWA
7325 using two nonthermal (ARM- and IRM-based) multicompo-
nent paleointensity techniques and one TRM-based multicompo-
nent paleointensity technique (see supplementary text). All three
techniques (ARM, IRM, and thermal) produced broadly similar pa-
leointensities (Fig. 8). The LC/LT components for 9 subsamples have
a mean paleointensity of 23 +5 uT, while our mean MC paleointen-
sity estimate for subsample B73 was 7.54+2.1 uT [uncertainties are
1 standard deviation (o) from the mean]. Nearly all HC/HT pale-
ointensity estimates were within error of zero. The ARM, IRM, and
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800°C total paleointensity experiments provided the most sensi-
tive constraints; their mean HC/HT paleointensity is 1.7 &= 1.4 uT
(£1-0), indicating essentially zero-field conditions during the time
of final cooling. Note that these uncertainties do not take into the
account the systematic uncertainties associated with the unknown
efficiency of TRM to ARM and IRM. Taking these into considera-
tion (supplementary text), the mean paleointensities values quoted
above are estimated to have a 2-o error of a factor of 5.

5.3. Paleointensity fidelity tests

Our demagnetization of NRM and associated paleointensity ex-
periments suggest that grains in the HC/HT range do not carry
NRM, such that the meteorite last cooled from the martensite or-
dering temperature in a near-zero field. We now seek to place an
upper limit on the field environment at the time of last cool-

ing by (a) determining the minimum paleointensity recoverable
by the nonthermal techniques used in Section 5.2 and that (b)
could produce a TRM component that exhibits linear, stable de-
magnetization when thermally demagnetized following our tech-
niques used in Section 4.1. The details of our experiments are
described in the supplementary materials. Method (a) shows that
we can retrieve paleointensity estimates from NWA 7325 down
to TRM-equivalent fields as low as ~6 uT (Table S6), but as
discussed in Section 5.2, this value has a 2-o uncertainty of
a factor of 5. Method (b) shows that TRM produced by labo-
ratory fields as weak as ~0.3 pT can just marginally be iso-
lated by our thermal demagnetization methods (Fig. 9). Given
that our thermal alteration tests (Section 3.2), suggest that heat-
ing to 800°C increases ARM by a factor of ~10, these data
suggest our thermal demagnetization protocol can isolate an-
cient TRM produced by paleofields of 0.3 x 10 = 3 pT. Impor-
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tantly, this 3 pT value is not subject to the high uncertain-
ties associated with calibration of ARM/TRM and IRM/TRM for
our non-thermal paleointensities because it was estimated by di-
rect application of a TRM. The nominal ~6 uT and 3 uT upper
limits from methods (a) and (b) are similar, although slightly
less restrictive than, the ~1.7 uT upper limit inferred from our
paleointensity experiments on the HC/HT magnetization range
(Fig. 10).

6. Meaning of magnetization in NWA 7325

The preceding experiments make it clear that NWA 7325 does
not contain a total TRM. Its NRM essentially completely demagne-
tizes by peak laboratory temperatures of just 165-378 °C (below
the temperatures at which significant thermochemical alteration
occurs) even though it contains ferromagnetic grains that can read-
ily acquire weak-field (<~3 pT) TRM that is stable to thermal
demagnetization temperatures of >750°C. Furthermore its NRM

essentially completely AF demagnetizes by just 4-20.5 mT; such
low coercivity grains are readily remagnetized by shocks of just
2 GPa that would otherwise leave virtually no petrographic expres-
sion (Weiss et al., 2010) and anyway are below the shock pressures
known to have been experienced by the meteorite (Section 2).
Most of the NRM that is present in NWA 7325 is in the form of
the LC/LT component. Its unidirectionality across the parent sam-
ple, ~23 uT paleointensity, and low peak unblocking temperature
are all consistent with origin as a VRM in the Earth’s field follow-
ing landing on Earth.

The origin of the MC/MT component, unambiguously present in
just two of the nine analyzed subsamples is more obscure given
its weak paleointensity (about 10% of the Earth’s field); it might
be another VRM component that has weak (i.e., below that of
Earth’s field) apparent paleointensities due to changes in the me-
teorite’s position with respect to the Earth’s field since landing,
or perhaps it is an inefficient crystallization remanent magnetiza-
tion (CRM) carried by small quantities of secondary ferromagnetic
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minerals produced during terrestrial weathering. A CRM is broadly
consistent with the ~1.8 x 1071% and ~1.3 x 10~ Am? intensi-
ties of the MC/MT components in subsamples B73 and B75 given
the ~5.7 x 107> Am? SIRM for magnetite in NWA 7325 inferred
from the low-temperature experiments (Section 3.1): for a typi-
cal efficiency of CRM produced in an Earth-strength field to SIRM
of 0.2-0.02% (Dunlop and Ozdemir, 1997), we estimate CRM car-
ried by magnetite in these subsamples should have an intensity of
~0.6-6 x 10719 and 1-10 x 10~1% Am?, respectively.

In any case, after laboratory demagnetization of the LC/LT and
MC/MT components, the remaining HC/HT magnetization in NWA
7325 is highly nonunidirectional across the parent sample and
has paleointensities within error of zero. The HC/HT magnetiza-
tion is likely a combination of spurious remanence acquired during
the AF and thermal demagnetization process (e.g., due to imper-
fections in the AF waveform and/or intragrain interaction fields,
respectively) (Tikoo et al., 2014) and possibly also spontaneous re-
manence. We conclude that the field on the parent body of NWA
7325 when it last cooled from its 780°C Curie temperature was
most likely <1.7 pT. Given that the estimated closure tempera-
ture of Mg diffusion in NWA 7325 anorthite exceeds 780 °C, we
conclude that these zero-field conditions are best dated by the me-
teorite’s Al-Mg model age of 4563.09 + 0.26 Ma (supplementary
online text).

7. Implications

NWA 7325 is the first recognized small-body achondrite ro-
bustly shown to have formed in near-zero field conditions in the
early solar system [see original report by Weiss et al. (2013)]. Al-
though numerous basaltic achondrites have been previously been
found to have nonunidirectional and highly unstable NRMs, most
of these samples have very poor magnetic recording properties
likely due to the coarse multidomain grain sizes of their con-
stituent metal grains (Weiss et al., 2010). Furthermore, in nearly all
such cases, quantitative limits on the maximum intensity and tim-
ing of the field experienced by these samples during final cooling
were not established. A recently-discovered exception is the fine-
grained angrites, which evidently also cooled in a near-zero pale-
ofield (<0.7 uT at 4563.5£0.1 Ma) (Wang et al., 2017). The weak-
est robustly-recovered paleointensity recovered from an achondrite
is the ~12 uT value (with a lower bound of 2 uT given the uncer-
tainties in the non-thermal paleointensity technique; see above)
measured for the eucrite ALHA81001 (Fu et al., 2012). Additionally,
two main group pallasites were recently shown to have formed
within a minimum field strength of ~1-7 uT; this was interpreted
as a record of fields from crustal remanence that itself was the
product of an earlier thermal convection core dynamo (Nichols et
al,, 2016).

Although our <1.7 uT paleointensity constraint from NWA 7325
provides no robust record of magnetic fields on the parent body, it
is not sufficiently sensitive to exclude the existence of a weak dy-
namo or crustal remanent fields at the time of final cooling. In
particular, dynamo scaling laws indicate the feasibility of surface
fields from planetesimal dynamos weaker than 3 uT (Formisano et
al., 2016; Weiss et al., 2010). Furthermore, the crustal fields ex-
pected for a body whose crust had been magnetized by even a
strong dynamo surface field can also easily be weaker than 3 pT.
Following Fu et al. (2012), the maximum possible crustal field at a
demagnetized location within the crust of a body carrying a TRM
produced by an ancient dynamo field of 100 uT is given by

Berust < oMrrm 0

where Mgy ~ 0.03M,s for a TRM in a paleofield of 100 uT, uo is
the permeability of free space, and p is the crustal density. Assum-
ing the crust is made out of NWA 7325-like material (for which

p ~ 3000 kgm—3 and M,s = 1073 Am2kg—'; see Table S3), we
estimate Bcryst < 0.1 uT. Therefore, it is entirely possible that the
parent body of NWA 7325 generated a strong (>~100 pT) dynamo
magnetic field prior to the meteorite’s period of final cooling time,
a weaker dynamo (<1.7 puT) during this cooling period, or an arbi-
trarily strong field after this period.

Our nominal <1.7 uT constraint is also consistent with Mer-
cury’'s ~0.1-0.7 uT present day surface field (Stevenson, 2010).
However, this coincidence may have limited significance for the
hypothesis that NWA 7325 originates from Mercury given that
the age of its magnetization is ~4500 Ma, not the present. Fur-
thermore, NWA 7325’s 4563 Ma formation age would make it far
older than the oldest large-scale surfaces dated by crater counting
(4000-4100 Ma) on Mercury (Koefoed et al., 2016). Therefore, al-
though our magnetic data are formally consistent with formation
of NWA 7325 in Mercury’s present-day field, we consider a Mer-
cury origin for NWA 7325 unlikely.

Our measurements on NWA 7325 require that all magnetic
field sources at the meteorite’s location were below ~1.7 pT
at 4563.09 + 0.26 Ma. This includes core dynamo, nebular, and
impact-generated fields, which have been predicted under some
conditions to well exceed our nominal 1.7 pT constraint. A near-
zero nebular field at this time in turn supports the recent con-
clusion that the solar nebula had likely dissipated by 4 million
years after CAls (Wang et al., 2017). Our field constraint also ap-
plies to that of the solar wind, which has been proposed to be
the source of the strong middle temperature (MT) component ob-
served in CV chondrites (Tarduno et al., 2016). In fact, our re-
sults show that the intensity of the solar wind field was also
below the ~60 and ~3 uT paleointensities measured from the CV
chondrites Allende and Kaba, respectively (Carporzen et al.,, 2011;
Gattacceca et al., 2016). On the other hand, the latter high paleoin-
tensities are consistent with a core dynamo origin for this magne-
tization. Finally, our analysis of NWA 7325 demonstrates that we
can successfully and sensitively identify near-zero field constraints
from meteorites. This gives greater confidence to the many other
meteorite studies that have inferred the existence of past magnetic
fields.

8. Summary

e NWA 7325 is an ungrouped achondrite from a differentiated
planetesimal.

o The meteorite last cooled from above the 780°C in essentially
zero-field conditions (nominally <1.7 uT, or possibly with an
upper limit as high as <9 uT considering uncertainties in non-
thermal paleointensity calibration coefficients).

e This requires that any dynamo field as well as any externally
generated fields like those from the nebula and solar wind
were <1.7 uT at an estimated age 4563.09 & 0.26 Ma.

o NWA 7325 is the first small body achondrite recognized to
be unmagnetized despite having originated from a body that
likely formed a metallic core.

e Our paleointensity constraint on NWA 7325 is consistent with
the field strength of present-day Mercury, but the meteorite’s
great age makes a Mercury origin unlikely.

e Our ability to recognize unmagnetized achondrites provides a
control that builds confidence in the widespread identification
of magnetized achondrites from other bodies.
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