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[1] Mantle xenoliths provide our clearest look at the
magnetic mineral assemblages below the Earth’s crust.
Previous investigations of mantle xenoliths suggested the
absence of magnetite and metals, and proposed that even if
such minerals were present, they would be above their Curie
temperatures at mantle conditions. Here we use magnetic
measurements to examine four exceptionally fresh suites of
xenoliths, and show that magnetite occurs systematically,
albeit in variable amounts depending on the tectonic setting.
Specimens from low geotherm regions hold the largest
magnetic remanence. Petrographic evidence shows that this
magnetite did not form through serpentinization or other
alteration processes. Magnetite, which is generally stable at
the P-T-fO2 conditions in the uppermost mantle, had to have
formed either in the mantle or, less likely, in the volcanic
conduit. In some cases, the source of the xenoliths was at
temperatures <600�C, which may have allowed this portion
of the lithospheric mantle to carry a magnetic remanence.
Whether such magnetite carries a remanent magnetization or
is simply the source of a strong induced magnetization, these
new results suggest that the concept of the Moho as a major
magnetic boundary needs to be revisited. Citation: Ferré, E. C.,
S. A. Friedman, F. Martín-Hernández, J. M. Feinberg, J. A. Conder,
and D. A. Ionov (2013), The magnetism of mantle xenoliths and
potential implications for sub-Moho magnetic sources, Geophys.
Res. Lett., 40, 105–110, doi:10.1029/2012GL054100.

1. Introduction

[2] Previous investigators viewed the Moho as a funda-
mental boundary separating the magnetized crust from the
non-magnetic mantle [Wasilewski et al., 1979; Wasilewski
and Mayhew, 1992]. This model, central to the interpretation
of aeromagnetic and satellite data, argues that the mantle
does not contain ferromagnetic phases capable of carrying

a magnetic remanence. Even if present, such minerals would
be above their respective Curie temperatures (Tc) and they
would contribute negligibly to long wavelength magnetic
anomalies (LWMA). Numerous studies applied this model
widely across all tectonic settings [e.g., Maus et al., 2007].
[3] Recent observations suggest that this model ought to be

revisited. First, studies on the spectral structure of aeromag-
netic anomalies suggest that the forearc mantle may carry a
significant remanence [Cascadia: Bostock et al., 2002;
Blakely et al., 2005]. Other reports of magnetization in the
upper mantle include the Ligurian Sea [Chiozzi et al.,
2005], the Caribbean Sea [Counil et al., 1989] and other
oceanic basins [Arkani-Hamed and Strangway, 1987]. The
non-magnetic mantle model neglects the fact that portions
of the lithospheric mantle cool below the Curie temperature
of magnetite, including tectonic settings with depressed
geotherms (subduction zones, cratons, and old oceanic litho-
sphere). Second, determinations of fO2 in the upper mantle
support the stability of magnetite above the wüstite-magnetite
buffer [Frost and McCammon, 2008;Goncharov et al., 2012].
Third, many xenoliths used in earlier studies [Wasilewski
et al., 1979; Wasilewski and Mayhew, 1992] were contam-
inated by their host basaltic melt, altered by supergene
fluids, or were atypical of bulk mantle composition. The
forthcoming launch of the Swarm satellite constellation
may contribute to a better understanding of the role of deep
magnetic sources [Friis-Christensen et al., 2006] although
it is uncertain that relatively small anomalies, such as that
in Cascadia, will be resolved at satellite altitude.
[4] Mantle xenoliths provide our clearest view of litho-

spheric mantle conditions because they ascend through the
lithosphere within a few hours [Demouchy et al., 2006],
thereby minimizing the opportunity for the formation of
secondary magnetic minerals through alteration. Magnetite
may form in olivine and pyroxenes through exsolution at
mantle conditions [Sen and Jones, 1988], or by crack
healing and metasomatism during xenolith ascent [Drury
and van Roermund, 1988]. Despite their rapid ascent, xeno-
liths may be contaminated by the host magma along cracks
and mineral grain boundaries. Similarly, hematite can grow
along grain boundaries during supergene alteration. Notwith-
standing these processes, unaltered mantle xenoliths still
provide the best available record of upper mantle magnetic
mineralogy, and we have taken every precaution to avoid
altered xenoliths in this study.

2. Petrography of four series of freshmantle xenoliths

[5] Previous petrological and mineralogical studies con-
strain the eruption age, the pressure, temperature and redox
equilibration conditions for each of the four xenolith suites:
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Kamchatka island arc [Ionov, 2010], Siberian craton [Ionov
et al., 2010; Goncharov et al., 2012], French Massif Central
continental plume [Lenoir et al., 2000], and Hawai’i oceanic
hot spot [Sen, 1988].
[6] Within each xenolith suite, samples met the following

criteria: i) xenoliths were larger than 80 mm in diameter, ii)
10 mm cubic specimens were extracted from near each
xenolith’s center which lacked any visible alteration, and iii)
all xenoliths were free of inclusions and veins of host
magmatic rocks. A third of the samples passed these tests. This
protocol excludes xenoliths with obvious alteration and
contamination, and yields macroscopically unaltered and
uncontaminated xenoliths.
[7] Additional screening involvesmeasuring loss-on-ignition

(LOI), which is caused by loss of volatile components (OH, S,
CO2, Cl) during heating, and is broadly interpreted to reflect
the degree of serpentinization. Only specimens with LOI <
1.00 weight % were included for further investigation, which
eliminates excessively altered samples. In addition, the
xenolith samples selected from the French Massif Central
collection display an Alt-S% <10%, indicating a low degree
of alteration of their primary sulfides [Alard et al., 2011].
[8] The main silicate phases (olivine, orthopyroxene, clino-

pyroxene) exhibit limited chemical core-to-rim zonation
[Sen, 1988; Lenoir et al., 2000; Ionov, 2010; Goncharov
et al., 2012]. This absence of zonation attests to equilibration
at high temperature and indicates that mineral assemblages
observed in the studied xenoliths likely represent ambient
mantle conditions. The short ascent duration typically reported
for mantle xenoliths, as well as the large size of our samples,

limits opportunities for xenolith re-equilibrationwith their host
magmas [e.g., Demouchy et al., 2006; Peslier et al., 2008].
[9] In several specimens (e.g., iAv-9b, SAL), elongated

grains of magnetite (�0.5 to 1 mm) occur within olivine
and pyroxene in orientations parallel to distinct crystallo-
graphic planes within their silicate host (Fig. 1). This
suggests that these magnetite grains formed either at mantle
depths or during the xenolith ascent, but not through post-
eruption reaction with hydrous fluids.

3. Magnetic properties of mantle xenoliths in
different tectonic settings

[10] Details onmagnetic methods are given in the Appendix.
Each xenolith sample yielded two 10-mm cubic specimens for
magnetic analyses. Stepwise demagnetization of the natural
remanent magnetization (NRM) was performed using alternat-
ing field up to 120mT. The least altered specimens showed a
single component of NRM and were kept for further tests. A
few specimens’ NRM demagnetization spectra displayed an
additional high coercivity component, inferred to be carried
by hematite, and were discarded because this mineral indicates
that the specimen’s original mineral assemblage was compro-
mised by oxidation.
[11] All mantle xenoliths show a relatively narrow range of

magnetic susceptibilities and a broad range of NRM
values (Figure 2A; Supporting Information). The magnetic
susceptibilities are consistent with a log normal distribution
(Supporting Information). Low-field magnetic susceptibility
(Km) is a proxy for the concentration and grain size of
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Figure 1. Scanning electron microscope images of thin sections of peridotite xenoliths. (A) Secondary electron image of a
harzburgite xenolith from Avacha volcano, Kamchatka arc. The rock is free of post-eruptive alteration along grain
boundaries. Olivine (Ol) grains host 200 nm x 500 nm, needle-shaped magnetite (Mag) inclusions adjacent to orthopyroxene
(Opx) exsolution lamellae. (B) Backscattered electron (BSE) image of a garnet harzburgite xenolith from Udachnaya
kimberlite, Siberian craton [LOI=0.04, Ionov et al., 2010]. A few Ol grain boundaries have 10–20 mm-thick layered rinds
of serpentine (Srp) including nickel sulfides (NiS). (C) BSE image of lherzolite xenolith from French Massif Central
volcano. Ol and diopside (Di) grains display exsolved Cr-rich spinels (Sp), adjacent to exsolved amphibole (Amp) lamellae.
(D) BSE image of lherzolite xenolith from Salt Lake volcano, Hawai’i. Di grains host inclusions of feldspar (Fsp) and apatite
(Ap). Exsolved Mag occur within Di and along Opx-Amp grain boundaries.
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ferromagnetic minerals, and to a lesser degree, the concentra-
tion of paramagnetic minerals. The NRM intensity of mantle
xenoliths varies broadly between 10-4 and 1A/m, and is an
expression of the abundance of single domain and pseudo-sin-
gle domain sized grains in a specimen, as well as the strength

of the Earth’s magnetic field at the time of magnetization. The
Koenigsberger ratio (Qn) represents the ratio of natural rema-
nent magnetization to the induced magnetization in the Earth’s
field:Qn = NRM / KmH, whereKm is the magnetic susceptibil-
ity in SI units and H is the local geomagnetic field intensity
(here 40A/m). Values higher than 1 indicate that the speci-
men’s remanent magnetization will be the dominant contribu-
tion to magnetic anomalies, while values less than 1 indicate
that the specimen’s induced magnetization will be the primary
contribution. Approximately one third of the xenoliths display
Qn values >1, and if these specimens are representative of
magnetic mineral assemblages in the lithospheric mantle, then
these measurements suggest that the mantle’s remanent mag-
netization may contribute to magnetic anomalies in low
geotherm regions. Although there is a significant amount of
overlap in the magnetic properties of xenoliths from different
tectonic regions, on average, specimens from the Siberian cra-
ton and Kamchatka arc have higher NRM intensities than
those from the Massif Central plume or the Hawai’i hot spot.
Xenoliths from the Kamchatka subduction zone have the high-
est Qn values and their remanent magnetizations may play a
more important role than their induced magnetizations in long
wavelength magnetic anomalies. Importantly, the Kamchatka
xenoliths are free of any post-eruption alteration [Ionov,
2010].
[12] The saturation magnetization normalized to mass

(Ms) constitutes a proxy for the concentration of ferromag-
netic minerals in the xenoliths. The ratio of the coercivity
of remanence (Hcr) to the bulk coercivity (Hc) is directly
related to the median grain size of a specimen’s ferromag-
netic minerals. Although the values of magnetic hysteresis
parameters significantly overlap between suites, they plot
in different regions of the Ms vs Hcr/Hc diagram (Fig. 2B;
Supporting Information). The magnetic properties of fresh
mantle xenoliths vary with tectonic setting (Fig. 2; Table).

4. Identification of the main ferromagnetic phases

[13] All specimens produce major hysteresis loops that
show the presence of at least one ferromagnetic phase. This
ferromagnetic contribution varies between 1 and 70% of the
bulk magnetic susceptibility with an average of 21%
(Table 1; Supporting Information).
[14] Certain candidate minerals can be ruled out. Cr-rich

spinel behaves ferromagnetically only within a specific
compositional range [Schmidbauer, 1983], and in thesemantle
xenoliths the iron content of Cr-rich spinel is too low to carry a
magnetic remanence. Iron-nickel sulfides, such as pentlandite,
cannot contribute to remanence because they are paramagnetic
at and above room temperature. The lack of a pyrrhotite
transition around 30–34 K in low-temperature (LT)
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Figure 2. (A) Natural remanent magnetization vs low-
field magnetic susceptibility of peridotite xenoliths (see also
Supporting Information). Koenigsberger ratio, Qn = NRM /
KmH where H: local geomagnetic field intensity = 40 Am-1.
Each suite shows a relatively narrow range of Km and a broad
range of NRMs. (B) Hcr/Hc vs saturation magnetization
(normalized to mass, in 10-6 Am2/kg). Specimens from low
geotherm settings display lower average Hcr/Hc ratios and
lower Ms.

Table 1. Magnetic properties of peridotite xenoliths in four distinct tectonic settings including (i) arithmetic mean magnetic susceptibility,
(ii) average of the magnetic remanence vectors, (iii) Koenigsberger ratios calculated from the intensity of the resultant mean remanence
vector and the mean magnetic susceptibility.

xenolith suite

low-field susceptibility (10-6 [SI]) NRM (10-3 [A/m]) Qn

n min max mean stdv n min max mean stdv min max mean error

Massif Central- continental plume 24 362.67 964.33 621 125 10 4.72 217.00 6.2 7.5 0.01 0.72 0.3 0.3
Hawai’s-oceanic hot spot 17 511.13 723.37 631 67.7 10 2.64 607.00 10.7 17.5 0.01 1.56 0.4 0.7
Kamchatka-island arc 37 401.74 758.87 585 87.7 10 0.17 22.00 63.7 66.8 0.23 7.78 2.7 2.9
Siberia-craton 20 478.96 1652.49 831 310 5 0.13 45.20 82.9 187.1 0.12 11.58 2.5 5.7
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experiments, even in the specimens with high sulfur content
[�600 ppm; Alard et al., 2011], shows that the contribution
of pyrrhotite to remanence is negligible. Finally, Fe-Ni alloys
were not observed during either the electron microscopic study
or the rock magnetic measurements.
[15] Pure magnetite is the ferromagnetic mineral most

commonly observed in mantle xenoliths. In measurements
of room temperature saturation isothermal remanent magne-
tization (RT-SIRM) on cooling from 300 K to 10 K, speci-
mens from all four xenolith suites showed dM/dT maxima
at 120–125 K (Fig. 3A), which corresponds to the Verwey
transition of pure magnetite [e.g., Walz, 2002]. This data,
along with the electron microscopy results and alternating
field demagnetization spectra of NRM (Supporting Informa-
tion), indicate that magnetite constitutes the dominant NRM
carrier. The xenolith’s hysteresis properties (Fig. 3B), are
consistent with pseudo-single domain (PSD) to single do-
main (SD) grain sizes for this magnetite.
[16] Two samples from the Siberian craton (U503 and

U504) also displayed clear pyrrhotite transitions around
30–34 K in the low temperature cycling experiments. Thus,
although magnetite may be the most frequently observed
ferromagnetic mineral in mantle xenoliths, pyrrhotite
may also occur on a less frequent basis. However, its

comparatively low Curie temperature of 320�C makes it
unlikely that pyrrhotite contributes to either an induced or
remanent magnetization in the lithospheric mantle.

5. Origin of magnetite in mantle xenoliths

[17] In mantle peridotites, magnetite is commonly thought
to form as a secondary phase through serpentinization at
various depths: in the mantle [e.g., Facer et al., 2009], at
intermediate depths or near the surface [e.g., Toft et al.,
1990]. However, in this study we argue that magnetite can
form via diffusive exsolution at mantle depths within both
olivine and pyroxene, as well as along primary silicate grain
boundaries (Fig. 1). Our strongest evidence for such a claim
is magnetite inclusions exsolved in olivine (and frequently
associated with orthopyroxene) in xenoliths from Kamchatka.
These inclusions are similar to those described byMarkl et al.
[2001], who proposed a formational mechanism associated
with a late stage rise in oxygen fugacity conditions. Indeed,
spinel grains in the Kamchatka xenoliths show an increase in
Fe3+ from core to rim, consistent with an increase in fO2 due
to exposure to late-stage, subduction-related fluids [Ionov,
2010;Goncharov et al., 2012]. These inferences are consistent
with data on melt inclusions in spinel from the Kamchatka
xenoliths, which trapped low-T melts linked to highly
oxidized hydrous fluids expelled from subucted slab [Ionov
et al., 2011]. Such oxidizing fluids can be present at mantle
depths and may explain the magnetite observed in the other
xenolith suites. In the Hawai’i xenoliths, a portion of the
magnetite grains are spatially associated with amphibole
lamellae, in striking similarity with the inclusions described
in gabbroic olivines altered at high temperature by oceanic
hydrous fluids [Puga et al., 1999]. Similarly, in the Massif
Central xenoliths, the amphibole lamellae exsolved along
crystallographic planes in clinopyroxene suggest the availa-
bility of H2O during exsolution. Our sample selection criteria
exclude almost all cases of xenolith serpentinization, however
when rare serpentine veins were observed, they do not
host magnetite or metal alloys, but only non-ferromagnetic
nickel sulfides.
[18] The magnetite exsolution observed in this study is

thought to occur during oxidation, at temperatures higher than
600�C, and has been previously studied in pyroxene
[Schlinger and Veblen, 1989] and in olivine [Kohlstedt et al.,
1976; Putnis, 1979; Franz and Wirth, 2000; Markl et al.,
2001]. In olivine, these exsolved grains tend to display both
needle-like and dendritic morphologies and display high
coercivities [Brewster and O’Reilly, 1988]. In mantle xeno-
liths from a seamount, Franz and Wirth [2000] attributed the
olivine oxidation event responsible for magnetite exsolution
to a 700-800�C metasomatic fluid. The exsolved magnetite
observed in this study occurs within primary silicates, away
from serpentine veins, and is consistent with formation at man-
tle depths or during the initial stages of ascent.

6. Potential implications for sub-Moho magnetic
sources

[19] The single component NRM measured in the mantle
xenoliths of this study is typical of that acquired through a
thermoremanent magnetization process. This NRM was
acquired upon cooling of the mantle xenolith at or near the
surface of the Earth. These room temperature remanence
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Figure 3. (A) First derivative of magnetization with temper-
ature vs temperature for eight peridotite xenoliths. The
120–125 K Verwey transition shows the presence of magne-
tite. This data, along with hysteresis properties (Supporting In-
formation), illustrates that PSD to SDmagnetite dominates the
NRM. (B) Dunlop [2002] plot of all xenolith specimens.
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values represent a two to three fold increase with respect to
their remanence at depth. In cold geotherm settings, prior
to eruption, the mantle source regions were cooler than
the melts that transported xenoliths to the Earth’s surface.
The Curie temperature of pure magnetite increases with
pressure/depth [Schult, 1970], such that Tc is 600�C at
1GPa. In cold geotherm settings such as subduction zones
(e.g., the Kamchatka arc) and cratons (e.g., Siberia), this
pressure dependence may push the Curie depth below the
crust-mantle boundary.
[20] Assuming a geotherm of 25�C/km, any magnetite pres-

ent in the mantle would be at temperatures well above its Curie
temperature. However, if a geotherm typical of forearc mantle
wedges is assumed [e.g., 12�C/km, Bostock et al., 2002], then
the Curie depth could be as deep as 50 km. Such an arc setting
could potentially yield a 10 km-thick layer of ‘magnetically
cold’ uppermost mantle. In this way, the lithospheric mantle
may significantly contribute to LWMA, whether it is serpenti-
nized [Blakely et al., 2005] or not [Evans, 2010]. In the
most permissive circumstances, with a geotherm of 9�C/km
(i.e., surface heat flow of 35–40mW/m2), such as that of the
Siberian craton [Goncharov et al., 2012] and a crust-mantle
boundary at 40 km depth, the layer of potentially magnetized
lithospheric mantle could be up to 25 km thick.
[21] These results demonstrate that the lithospheric mantle

displays non-uniform magnetic properties across tectonic
settings. The present collections of uppermost mantle rocks
are insufficient to produce measurable satellite anomalies
but are suggestive of source regions that may significantly
contribute to LWMA. Previous work showed that certain
lower crustal rocks exhibit high NRM intensities, >5 Am-1,
and elevated Qn (from 2 to 7), which strongly contribute
to some aeromagnetic anomalies [Robinson et al., 2002;
McEnroe et al., 2004]. However, in these locations, lacking
prominent regional anomalies, NRM intensities appear too
modest to contribute to LWMA [Pilkington et al., 2006;
Liu et al., 2009; Dunlop et al., 2010].
[22] The measured properties of mantle peridotites would

produce magnetization contrasts around 0.02 to 0.03A/m,
resulting in peak-to-trough anomalies of 0.08 to 0.10 nT at
300 km altitude for a 10-km thick slab of magnetized mantle.
Although these anomalies remain below the noise level of
current magnetic satellites, such features will likely become
detectable by the future SWARM satellites.
[23] Although the magnetization of uppermost mantle

rocks may appear relatively weak it may provide a supple-
mental source in areas where crustal magnetizations are too
low to explain the observed anomalies. Assuming that all
LWMA originate from crustal sources requires crustal
sources that are in many cases more strongly magnetizated
than observations suggest. A magnetized uppermost mantle
may provide the missing magnetization. The demonstration
of ferromagnetic material in the lithospheric mantle necessi-
tates a re-evaluation of the long held non-magnetic mantle
model, and could potentially affect the interpretation of
previous and future satellite-derived magnetic data including
that from the SWARM mission. In short, deep crustal rocks
need not be as strongly magnetized if the upper mantle
contributes to long wavelength magnetic anomalies.
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Erratum

In the originally published version of this article, the authors incorrectly reported the units for Ms/mass and Mr/mass as
10�3 A2/m, when they should have been 10�6 A /m. Table 1 values under NRM (10�3 [A/m]) have been updated and the
supporting information data file 2012GL054100SuppData.pdf has been updated to reflect this correction. This version may
be considered the authoritative version of record.
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