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ABSTRACT: Magnetite microinclusions in metamorphic harzburgites, derived
from the deserpentinization of the subducted hydrated oceanic lithospheric mantle,
were examined by synchrotron Mössbauer spectroscopy to investigate the chemical
and magnetic environments of the Fe nuclei. The data reveal a critical susceptibility
of the octahedral sites of the cubic structure of magnetite to chemical variations,
which, in turn, influences their magnetic properties in terms of hyperfine magnetic
field intensity and direction. Micromagnetites display substantial remanent
magnetization; however, the magnetic moment direction can be significantly
different among inclusions, even for those in close spatial proximity. This evidence
points to a kinetic control of the composition of microcavities at mantle depths,
implying that the use of the remanent magnetic field of included magnetic phases to
infer large-scale implications on the Earth’s magnetic field requires the development of complex geochemical and geodynamical
models.
KEYWORDS: synchrotron Mössbauer spectroscopy, serpentinization-induced magnetism, multiphase inclusions, geomagnetism,
thermoremanent magnetization, chemical remanent magnetization, kinetically controlled process

■ INTRODUCTION
The Earth’s mantle has been traditionally considered “non-
magnetic” because its thermal conditions usually exceed the
Curie temperature of magnetite (580 °C, at ambient pressure).
In the early 2000s, some studies demonstrated the occurrence
of magnetic anomalies in the lithospheric mantle at those
conditions where magnetite crystals can occur as needles inside
olivine in xenolith samples from different geodynamic
scenarios1 and as crystals formed after the serpentinization of
the so-called “cold nose” of the mantle wedge.2 Also, the
transition from magnetite to hematite along a (very) cold
subduction zone may provide an additional source of
magnetism to the mantle at depths of the transition zone.3

Magnetic iron oxides can exhibit remanent magnetization
after cooling through their Curie temperature in the presence
of the geomagnetic field and can preserve their magnetic state
for billions of years, provided that the Curie temperature is not
subsequently exceeded.4,5 The increase of the Curie temper-
ature of magnetite with pressure,6,7 observed in laboratory
experiments, bolstered the hypothesis that this mineral
represents a primary source of upper mantle magnetization.5

At mantle depths, magnetite can occur in multiphase solid
inclusions crystallized from metamorphic fluids produced by
the subduction zone dehydration of serpentinized mantle
rocks. In this case, the breakdown reaction of antigorite at p−T
conditions of 1.5−2.2 GPa and 640−750 °C produces
metamorphic olivine and orthopyroxene that trap the fluid

produced by dehydration.8,9 Recent work10 showed that
magnetite inclusions in metamorphic olivine produced by
this reaction are a unique case of commensurate epitaxial
growth at mantle conditions: the magnetite−olivine interface
displays parallelism between crystallographic planes (111)Mag
and (100)Ol and between crystallographic directions ⟨110⟩ and
⟨011⟩, respectively (see the Petrographic Description and
Figures S1 and S2 of the Supporting Information). As a result
of these robust structural constraints, these samples are
therefore ideal to study the relationship between the
crystallographic ordering and the magnetic ordering of isolated
single magnetite microcrystals formed along a subduction zone
at upper mantle depths and temperatures exceeding those of
the serpentinized cold mantle wedge.
Crystallographically oriented and magnetized magnetite

inclusions are expected to strongly affect the features of
nuclear resonance spectra, such as those collected with
synchrotron Mössbauer spectroscopy (SMS), because of the
intrinsic polarization of synchrotron radiation. The SMS
spectrum at room temperature of magnetite consists of two
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partially overlapped Zeeman split sextets. One sextet is
assigned to tetrahedrally coordinated Fe3+ (“A” sites). The
other sextet is assigned formally to Fe2.5+ in an octahedral
environment (“B” sites). Anisotropy of SMS spectra might be
indicated by the dependence of spectral line intensity upon the
relative orientation of the hyperfine field vector at the nucleus
Hhf and the beam direction and polarization plane orientation
(see the Experimental Methods of the Supporting Informa-
tion).
Different hyperfine magnetic field directions in identically

oriented crystals imply an extraordinary variation of the
surrounding magnetic field during retrograde paths experi-
enced by the rock (thermoremanent magnetization) and/or
during crystal nucleation and growth (chemical remanent
magnetization) and require a proper investigation, because the
underlying causes might reflect the orientation of the
geomagnetic field at mantle depths in specific time intervals
during Earth’s evolution.
The robust constraints on the orientation of magnetite

microcrystals within a single olivine domain in our samples
provide strong constraints on the possible texture effects11 on
SMS spectra. We extracted the hyperfine magnetic field
strength and orientation distribution in naturally oriented
single magnetite inclusions in olivine using SMS. Sets of
inclusions in close spatial proximity were selected to ensure
that they experienced the same p−T path. Under these
conditions, any variability is attributed to exogeneous
variations of the external magnetic field direction that occurred
during the inclusion evolution.

■ SAMPLES AND METHODOLOGY
We studied of a total set of 22 micromagnetite (Mag)
inclusions of size ranging from 2.5 to 5 μm distributed in two
rock sections (14 in AL9564b1 and 8 in AL9564b2) of
metamorphic harzburgites from the Almirez Complex.
We collected SMS spectra at ID18, the nuclear resonance

beamline of the European Synchrotron Radiation Facility
(ESRF). Acquisition of SMS data is described in detail in the
Supporting Information.

■ RESULTS
Figure 1 shows a set of Mag inclusions in olivines measured by
SMS. SMS spectra were collected by positioning the X-ray
beam at places where optical images depict a black spot
identifying the presence of a Mag inclusion. In these cases, the
collected Mössbauer spectra show 12 absorption lines
corresponding to the two sextets as a result of the A and B
sites in a cubic magnetite crystal and, in addition, two intense
absorption lines close to the abscissa origin as a result of the
host olivine crystals.
A thorough fitting of a total set of Mag inclusions permitted

us to evaluate isomer shift (IS) and hyperfine magnetic fields
(Hhf) for both the A and B sites, as reported in Figure 2.
Despite these parameters being consistent with those expected
for magnetite single crystals (ISA = 0.27 mm s−1, ISB = 0.67
mm s−1, Hhf A = 49 T, and Hhf B = 46 T), a marked variability
of the hyperfine magnetic field at octahedral sites (Hhf B) is
observed (see also Table S1 of the Supporting Information).
In Mag, Fe(II)−Fe(III) pairs in octahedral sites (B) can

oxidize to produce an Fe(III)−Fe(III) pair and a vacancy (V),
s o t h a t t h e f o r m u l a c a n b e w r i t t e n a s
(Fe3+)A(Fe2(1−3x)

2.5+Fe5x3+Vx)BO4, where 0 < x < 0.33, or

simply Fe3−xO4. In this case, the signal of the B sextet decreases
with oxidation, while the new Fe(III) signal cannot be
distinguished from that of the tetrahedral site (A). Hence,
the sextet area ratio (SB/SA = R) is indicative of the ratio
Fe2.5+/Fe3+. As a result of the Mössbauer fraction of Fe2.5+ on
the B sites being somewhat lower than that of Fe3+ on the A
sites,12 the sextet area ratio of stoichiometric magnetite (R0) at
room temperature is not 2:1 but 1.8:1 and decreases with x in
accordance with the following relation:

= =
+

R
S
S

R x
x

(1 3 )
1 5

B

A

0

(1)

Values of R > 1.8 are attributed to the formation of the solid
solution Fe3−yTiyO4 (Fe3O4/Fe22+TiO4), arising from an
isomorphic substitution of Fe3+ by Ti4+, bringing about a
relative increase of Fe2+ to maintain charge balance. The
oxidation of titanomagnetites, in turn, brings about the
formation of titanomaghemite, Fe(3−y)rTiyrV3(1−r)O4, with r =
8/[8 + z(1 + y)], where z is the oxidation parameter, 0 < z <
1,13 yielding a decrease of the value of R. Hence, the same
value of R can be attained in systems with substantial
differences in terms of the content of Ti and excess oxygen.
Figure 3 reports the R values for the whole set of Mag

inclusions measured in this study. As seen, some Mag
inclusions show a variability mostly within the experimental
uncertainties in their composition and oxidation state. This
variability, similar to that observed for Hhf (Figure 2), is
attributed to the characteristic susceptibility to chemical
substitution on the B sites.
Once the intensity of the olivine matrix signal is taken into

account, the relative areas of the six lines that form the sextet of
Mag inclusions (Figure 1) are correlated to the Fe magnetic
moment direction relative to the X-ray beam direction and
polarization (Figure S4 of the Supporting Information; the Fe
magnetic moment is antiparallel to the 57Fe hyperfine magnetic
field vector). In the case of a random distribution of the
orientations of the Fe magnetic moments, one expects a
relative ratio of the six lines of 3:p:1:1:p:3, with p = 2. For

Figure 1. (Left) Optical micrograph showing a set of measured
magnetite inclusions with indication of their IDs, olivine domain
(red), and section name (top left). (Right) SMS spectra collected in
transmission geometry through the olivine domains containing Mag 1,
3, and 5. Spectra are distinguished on the basis of the ratio among the
relative areas of the six lines sextet 3:p:1:1:p:3, where p ≅ 4 (Mag 1),
p ≅ 2 (Mag 3), and p ≅ 0 (Mag 5).
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magnetic moments homogeneously distributed within the
plane perpendicular to the X-ray beam direction, a ratio
approaching 3:4:1:1:4:3 (i.e., p = 4) is expected, while for a
preferential alignment of the magnetic moment along a
direction parallel to the X-ray beam direction, a ratio
approaching 3:0:1:1:0:3 (i.e., p = 0) is expected. We emphasize
that, as shown in Figure 1, the ensemble of Mag inclusions
explored in this study, despite their spatial proximity, span all
types of alignment. Figure 4 reports the distribution of p values
(p = 3/a12, where a12 is the ratio between the area of the first
and second lines of the sextet; Figure S5 of the Supporting
Information). Most experimental data are close to p = 2,
corresponding to a random distribution of magnetic moments;
however, substantial deviations are observed, both below and
beyond p = 2, with a slight preference for p < 2, for both A and
B sites.

■ DISCUSSION
The studied Mag inclusions, despite the homogeneity of the
olivine matrix and their spatial proximity, span a wide range of
compositions as a result of the variability of their Ti contents
(Figure S6 of the Supporting Information), oxidation state, and
vacancy concentration (Figure 3), with all these factors
affecting the octahedral sites (B) of the microcrystals. This
chemical variability impacts the nuclear magnetic state of 57Fe
atoms at B sites, which, in fact, display a remarkable variability
of Hhf (Figure 2). These observations show that the evolution
of the inclusion system is kinetically controlled: dissolution,
oxidation, and reprecipitation processes are triggered by the
contact with a fluid that is locally non-equilibrated and reactive
with the associated solid phases.10,14 The final local conditions
between olivine, magnetite, and the fluid are dramatically
dependent upon contingent factors, which vary from inclusion
to inclusion: cavity shape and volume, presence of fractures,

permeability, proximity to exsolved phases, etc. We exper-
imentally verified that some Mag inclusions display quite
variable remanent magnetization directions. An interesting
aspect is that different Mag inclusions in close spatial proximity
sometimes exhibit substantial differences in their magnet-
ization state (Figure 1). This means that, despite these
inclusions experiencing the same prograde and retrograde p−T
path, they recorded a different magnetization. Because Mag
forms at temperatures higher than the antigorite breakdown
temperature (650 °C) and, therefore, also higher than the
Curie temperature (600 °C for pure magnetite at 2 GPa),6 the
variability of their magnetization state is attributed to
variations of their blocking temperature, which, in turn,
depends upon both the size and shape of the microcrystals
and the composition of magnetite in solid solution with
ulvospinel. This implies that each Mag inclusion might have
crossed the blocking temperature at different stages of the rock
retrograde path or that the various Mag nucleated under
different fluid/olivine interaction conditions and, thereby,
acquired variable Ti contents.15−17 The analyses performed by
SMS allow us to attribute the possible difference of the
blocking temperatures of Mag inclusions to their different
compositions and stoichiometries.
Variations in the orientation of the local magnetic fields

(Figure 4) can be the result of the (i) rototranslation of the
rock during its pathway along the temperature gradient until it
cools through the Curie point or (ii) inversion of the Earth’s
geomagnetic poles during motion of the rock. We finally
consider as a possible though minor source of magnetic
disorder, the chemical remanent magnetization recorded in
Mag formed during retrograde serpentinization. However, this
Mag is expected to be a very minor fraction of the total, as
demonstrated in recent serpentinization experiments carried
out in olivine cavities.18

Figure 2. Isomer shift (IS) and hyperfine field (Hhf) of the A and B sites as deduced from fitting the SMS spectra of the magnetite inclusions.
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■ CONCLUSION
The occurrence of iron oxides in the mantle, used to identify
possible magnetic anomaly sources, may derive from the
oxidation of olivine, the serpentinization of the supra-
subduction mantle wedge at forearc depth, and as the product
of the fluid/olivine interaction during the subduction of a
serpentinite at subarc depths, as in the studied samples. The in-
depth SMS analysis of our Mag inclusions allowed us to
conclude that these microinclusions of magnetite in minerals
are the result of a kinetically controlled process. This is
indicated by the variability of their composition and defect
concentration together with their magnetic properties,
especially with respect to the octahedral sites. This variability
is responsible for a distribution of blocking temperatures:
different Mag inclusions, even though at nearby positions,
experience magnetization as a result of the geomagnetic field at
different stages of the retrograde path. Hence, different Mag
inclusions generally record a different orientation of the
magnetization.
The non-equilibrium nature of the processes leading to the

formation of magnetic mineral inclusions at mantle depths
implies that a number of chemical kinetic features can play
local control on the remanent magnetic field recorded by this

dehydration-controlled magnetite. Considering that this could
be a diffuse process affecting the serpentinized mantle of
subducting slabs and associated forearc mantle, caution must
be used when utilizing the residual magnetic field to infer large-
scale implications for the Earth’s magnetic field.
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