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Abstract Mantle flow dynamics can cause preferential alignment of olivine crystals that results in anisot-
ropy of physical properties. To interpret anisotropy in mantle rocks, it is necessary to understand the anisot-
ropy of olivine single crystals. We determined anisotropy of magnetic susceptibility (AMS) for natural olivine
crystals. High-field AMS allows for the isolation of the anisotropy due to olivine alone. The orientations of
the principal susceptibility axes are related to the olivine’s crystallographic structure as soon as it contains
>3 wt % FeO. The maximum susceptibility is parallel to the c axis both at room temperature (RT) and at
77 K. The orientation of the minimum axis at RT depends on iron content; it is generally parallel to the a axis
in crystals with 3–5 wt % FeO, and along b in samples with 6–10 wt % FeO. The AMS ellipsoid is prolate and
the standard deviatoric susceptibility, k0, is on the order of 8*10210 m3/kg for the samples with <1wt %
FeO, and ranges from 3.1*1029 m3/kg to 5.7*1029 m3/kg for samples with 3–10 wt % FeO. At 77 K, the mini-
mum susceptibility is along b, independent of iron content. The shape of the AMS ellipsoid is prolate for
samples with <5 wt % FeO, but can be prolate or oblate for higher iron content. The degree of anisotropy
increases at 77 K with p077 5 7.1 6 0.5. The results from this study will allow AMS fabrics to be used as a proxy
for olivine texture in ultramafic rocks with high olivine content.

1. Introduction

Olivine is one of the most common minerals on Earth, constituting a large fraction of the Earth’s upper man-
tle. Other terrestrial planets (Mercury, Venus, or Mars) are also thought to have high concentration of olivine
in their upper mantle. Olivine is also abundant in meteorites and contains inclusions of ferromagnetic min-
erals, which are capable of acquiring a remanent magnetization. Therefore, there has been interest in using
olivine as a recorder of the extraterrestrial magnetic field [Hoffmann et al., 2011; Lappe et al., 2011; Rochette
et al., 2009; Uehara and Nakamura, 2006]. On Earth, the rheology of olivine determines flow dynamics in
depths shallower than 410 km; thus, olivine properties influence mantle flow and plate tectonics. Plastic
flow causes a preferred orientation of olivine crystals, which is responsible, for example, for seismic anisot-
ropy in the upper mantle [e.g., Nicolas and Christensen, 1987; Silver, 1996]. The crystallographic preferred ori-
entation of olivine grains in peridotite bodies has been used to define flow dynamics in the upper mantle
or detect lithospheric deformation [e.g., Hrouda et al., 2009]. In addition, olivine texture can influence the
location and orientation of deformation zones, because anisotropic viscosity causes a localization of shear
stresses [Tommasi et al., 2009]. These deformation zones can evolve into future plate boundaries.

Anisotropy of magnetic susceptibility (AMS) is commonly used as an indicator of the texture of a rock. The
AMS of a whole rock consists of a superposition of diamagnetic and paramagnetic components which can be
linked to silicate or carbonate minerals, and ferromagnetic components, which are associated with iron oxides,
hydroxides, or sulfides as inclusions or separate grains. Diamagnetic anisotropy is often negligible in rocks
that contain iron-bearing minerals. Paramagnetic anisotropy, however, can be significant and arises principally
from the distribution of iron ions in the crystal lattice. Consequently, magnetic anisotropy arising from para-
magnetic minerals can be used to determine the crystallographic orientations of these minerals in a rock. To
fully interpret the paramagnetic AMS, the single-crystal properties of all the minerals in a rock must be known.

Only a few studies have been made on the magnetic anisotropy of natural olivine and have yielded incon-
sistent results [Belley et al., 2009; Ferr�e et al., 2005a, b], and a summary is given below. To resolve these
inconsistencies in the literature, we conduct a thorough study of the magnetic anisotropy of olivine,
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addressing the crystal chemis-
try, paramagnetic and ferro-
magnetic contributions to the
AMS, and the relation of mag-
netic anisotropy to the crystal-
lographic lattice structure. We
examine both low-field and
high-field AMS in 35 olivine
single crystals, focusing on nat-
ural samples, which are most
relevant to mantle deformation
models. The main goal of this
study is to define the single-
crystal AMS of pure olivine and
to understand how it varies
with chemical composition.
Because magnetic anisotropy
is easily determined, allowing
evaluation of a large number

of samples, it can be used as a first-order proxy for texture in mantle rocks, therefore mantle flow. Based on
our results, it will be possible to obtain insight into the rock texture from AMS measurements, which are
fast and easy to perform. This will have implications on fabric as well as geodynamic studies. Because mag-
netic anisotropy can serve as a first-order proxy for texture in mantle-derived rocks, it will also provide infor-
mation on the relative degree of seismic anisotropy.

2. Geophysical Background

The olivine group includes the minerals olivine, forming a continuous solid solution series between
forsterite (Mg2SiO4) and fayalite (Fe2SiO4), tephroite (Mn2SiO4), knebelite ((Mn,Fe)2SiO4), and monticellite
(Ca(Mg,Fe)SiO4) [Deer et al., 1997]. Various members of the forsterite-fayalite solid solution series are consid-
ered in this study, referred to as olivine. Tephroite, knebelite, and monticellite are subordinate on Earth.
Mg-rich olivine dominates in the Earth’s upper mantle and is a common rock-forming mineral, especially in
ultramafic rocks [e.g., Deer et al., 1997]. Olivine is an orthorhombic crystal with space group Pbnm. Its struc-
ture consists of isolated (SiO4)42 tetrahedra, which are linked mainly by Mg21 or Fe21 ions in octahedral
coordination. Other cations are almost exclusively divalent; if trivalent cations are present, they occur in
very small amounts. There are two types of distorted octahedral sites, labeled M1 and M2, which have dif-
ferent symmetry: M1 sites represent centers of symmetry, whereas M2 sites lie on mirror planes (Figure 1).

Magnetic susceptibility is an intrinsic property of a material, relating the magnetization induced by an
applied magnetic field to the strength of the field. Susceptibility anisotropy can be described by a second-
order tensor. This tensor is symmetric and can be represented by an ellipsoid whose principal axes
(k1� k2� k3) correspond to the eigenvalues of the tensor. AMS can be described by a full tensor, whose ele-
ments are full directional values of the susceptibility, or by a deviatoric tensor, whose elements are the dif-
ferences in susceptibility from the mean susceptibility. The magnetic susceptibility ellipsoid is generally
characterized by its degree of anisotropy and shape and the directions of the principal axes. Because we
use a method to isolate the paramagnetic anisotropy, which only gives the deviatoric susceptibility, the
degree of anisotropy is defined by the standard deviatoric susceptibility, k0 [Jelinek, 1984].
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where k is the mean susceptibility. The shape of the AMS ellipsoid is defined by U [Jelinek, 1981]

U5ð2k22k12k3Þ=ðk12k3Þ

U is between 0 and 11 for an oblate ellipsoid, between 0 and 21 for a prolate ellipsoid and close to 0 for a
neutral ellipsoid.

c

b

M1

M2

T: Si                 M1: Mg, Fe  , Mn
O                     M2: Mg, Fe  , Ca

2+

2+

Figure 1. Olivine crystal structure, view along the a axis. Oxygen and silicon atoms form tet-
rahedra, which are linked by magnesium or iron ions that can occupy either M1 or M2 sites.
M1 sites represent inversion centers (o), whereas M2 sites lie on mirror planes (--).
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The paramagnetic component of the susceptibility and its anisotropy vary with temperature according to
the Curie-Weiss law; the paramagnetic susceptibility becomes enhanced with decreasing temperature and
both the AMS degree and shape can vary as a function of temperature.

AMS of a bulk rock is often used as a proxy for mineral fabric or deformation. For example, Ferr�e et al.
[2005b] found that the paramagnetic component of the high-field anisotropy in mantle peridotite can be
related to the lattice-preferred orientation of olivine. In order to understand this relationship, however, it is
essential to know the single-crystal anisotropies of the minerals composing the rock. In the case of mantle
peridotite, this is Mg-rich olivine.

Olivine often contains inclusions, such as iron-bearing oxides, sulfides, or silicate melt. Magnetite is a com-
mon ferrimagnetic mineral in mantle rocks. Developing at high temperature in an olivine grain, magnetite
often forms rods or lamellae in specific directions in the olivine lattice. Magnetite in a rock can oxidize to
hematite upon weathering and in olivine hematite mainly occurs as diffusion rims along grain boundaries,
thus indicating its secondary origin [e.g., Deer et al., 1997]. Iron sulphides, e.g. pyrrhotite, are also known to
occur as melt inclusions or grains in mantle rocks. In order to eliminate any contributions from ferromag-
netic (s.l.) inclusions to the magnetic anisotropy, the paramagnetic component, which depends on the sili-
cate structure, must be isolated. This paramagnetic fabric can be related to the mineral fabric in the mantle.
It is not possible to separate the paramagnetic anisotropy when measuring low-field susceptibility. Because
paramagnetism is linearly related to the strength of the applied field, whereas ferrimagnetic minerals will
be saturated in fields <600 mT, it is possible to separate the anisotropic component due to paramagnetic
minerals from that of saturated ferrimagnetic minerals [e.g., Hrouda, 1982; Owens and Bamford, 1976]. Thus,
the paramagnetic anisotropy can be related to the olivine lattice.

The bulk susceptibility of olivine with various compositions was investigated first by Nagata et al. [1957].
They attributed the paramagnetic susceptibility of olivine to Fe21 ions in the crystal structure and found a
linear relationship between molar susceptibility and fayalite content xfa:

vmol;olivine52:2�1022xfa to 2:6�1022xfa emu=mol:

Later work by Hoye and O’Reilly [1972] and Belley et al. [2009] in natural and synthetic crystals or synthetic
powders covered the complete compositional range between the forsterite and fayalite end-members.
Hoye and O’Reilly [1972] calculated olivine mass susceptibility based on

v 5
2p2

eff l
2
BxN

3kbMxðT2hÞ

where peff 55:2 is the effective number of Bohr magnetons (lB ) per iron atom, x the fayalite mole fraction,
N Avogadro’s number, kb Boltzmann’s constant, and Mx the molar weight of a crystal with fayalite content
x, T is the measurement temperature, and h the ordering temperature. They reported higher susceptibilities
than predicted by Nagata’s formula. Belley et al. [2009] found peff 5 6.03.

Several studies have examined the magnetic anisotropy in synthetic fayalite, Fe2SiO4 [Ballet et al., 1989; Cococ-
cioni et al., 2003; Ehrenberg and Fuess, 1993; M€uller et al., 1982], and (Fe,Mn)2SiO4 [Ballet et al., 1987]. Fayalite
has been reported to undergo antiferromagnetic ordering below 64.9 K, whereby the magnetic moments on
the M2 sites are parallel to the crystallographic b axis, whereas those on M1 sites are canted [Ehrenberg and
Fuess, 1993]. The canting angle decreases with temperature. The maximum susceptibility of fayalite is parallel
to the c axis, independent of temperature. Below the N�eel temperature, the susceptibility anisotropy is clearly
triaxial, with k3 aligning with the b axis. At room temperature, however, the anisotropy is uniaxial with nearly
equal susceptibilities parallel to the crystallographic a- and b-axes of fayalite [Ballet et al., 1989; Ehrenberg and
Fuess, 1993; M€uller et al., 1982]. In its ground state, spins are coupled antiferromagnetically between corner-
sharing octahedra and ferromagnetically between edge-sharing octahedra [Cococcioni et al., 2003; M€uller
et al., 1982]. Ballet et al. [1987] concluded that the ionic anisotropy of Fe21 is responsible for the crystal anisot-
ropy and that the easy direction of magnetization depends on the relative distribution of Fe21 on M1 and M2
sites. If Fe21 is primarily located on M1 sites, the easy magnetization direction is parallel to the crystallographic
c axis, whereas it is parallel to b when Fe21 is concentrated on M2 sites.

Belley et al. [2009] investigated the AMS of four olivine crystals with composition close to forsterite and
found that the maximum susceptibility was parallel to a, and the minimum susceptibility parallel to b. They
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attributed the disagreement with the fayalite studies to the different chemical composition. Ferr�e et al.
[2005b] measured one crystal with forsterite composition and found a maximum susceptibility along c, and
minimum susceptibility along b. The authors corrected this original finding to a maximum susceptibility par-
allel to a, and minimum parallel to c [Ferr�e et al., 2005a].

3. Methods

3.1. Sample Description
A collection of 35 natural olivine single crystals were investigated (Table 1). Samples were borrowed from
the Natural History Museum Basel (labeled NMB), the Mineral Collection of ETH Zurich, Durham University,
the Swiss Gemmological Institute, or collected during fieldwork. The samples are from different geological
environments and cover the compositional range from xMg 5 0.82 to 0.99. Seven crystals (Ol16–Ol22) are
San Carlos olivine, extracted from peridotite xenoliths, which are often used as reference crystals. Four crys-
tals were extracted from a peridotite xenolith in Cenozoic basalt from the Hannuoba area in the North China
craton (Ol9–Ol12). These xenoliths contain coarse- to medium-grained spinel lherzolite and are described
by Chen et al. [2001] and Rudnick et al. [2004]. The two forsterite specimens (Fo1, Fo2) originate from a skarn
in Burma. Samples Ol1, Ol14, Ol15, Ol23–Ol31, NMB45445, and NMB47213 are gem-quality crystals from the
Sapat mafic-ultramafic complex, Pakistan [Kane, 2004]. There, the gem-olivine occurs in fluid-derived veins
in the dunite that represents the arc mantle of the Kohistan arc [Bouilhol et al., 2009, 2012]. A similar genetic
type of olivine (NMB14203) is found on Zabargad Island, Egypt, which is also known for its gem-quality oli-
vine. Here, olivinite veins cut ultramafic bodies, representing fertile upper mantle material, such as spinel

Table 1. Sample Locations, Sample Masses, and Forsterite and Fayalite Contents

Sample Mass (g) Location Comment MgO wt % FeO wt % xMg xFe

Fo1 0.45 Burma 57.3 1.0 99.1 0.9
Fo2 0.40 Burma 57.3 1.0 99.1 0.9
NMB14203 0.60 Zabargad Island, Red Sea, Egypt 50.9 8.7 91.2 8.8
NMB28855 0.43 Arizona, US 52.5 7.4 92.6 7.4
NMB45445 6.07 Sapat Complex, Kohistan, Pakistan Needles of dark

inclusions
54.1 3.8 96.2 3.8

NMB47213 3.05 Sapat Complex, Kohistan, Pakistan 52.9 4.7 95.3 4.7
Ol1 1.78 Sapat Complex, Kohistan, Pakistan 53.9 3.7 96.2 3.8
Ol2 2.98 Unknown 53.0 7.7 92.5 7.5
Ol3 1.12 Unknown 50.1 7.6 92.2 7.8
Ol9 0.20 China 58.4 8.1 92.8 7.2
Ol10 0.13 China 57.4 8.3 92.5 7.5
Ol11 0.09 China 50.8 8.2 91.7 8.3
Ol12 0.15 China 58.2 8.1 92.8 7.2
Ol14 0.72 Sapat Complex, Kohistan, Pakistan Spherical dark

inclusions
52.1 7.6 92.4 7.6

Ol15 0.28 Sapat Complex, Kohistan, Pakistan 51.8 7.6 92.4 7.6
Ol16 2.11 San Carlos Olivinea 49.4 9.6 90.2 9.8
Ol17 2.73 San Carlos Olivinea 49.4 9.6 90.2 9.8
Ol18 2.41 San Carlos Olivinea 49.4 9.6 90.2 9.8
Ol19 3.64 San Carlos Olivinea 49.4 9.6 90.2 9.8
Ol20 2.95 San Carlos Olivinea 49.4 9.6 90.2 9.8
Ol21 2.71 San Carlos Olivinea 49.4 9.6 90.2 9.8
Ol22 2.63 San Carlos Olivinea 49.4 9.6 90.2 9.8
Ol23 0.99 Sapat Complex, Kohistan, Pakistan 53.5 4.2 95.7 4.3
Ol24 3.55 Sapat Complex, Kohistan, Pakistan 54.3 4.2 95.8 4.2
Ol25 1.41 Sapat Complex, Kohistan, Pakistan 51.7 8.4 91.6 8.4
Ol26 1.31 Sapat Complex, Kohistan, Pakistan 56.3 4.6 95.6 4.4
Ol27 1.70 Sapat Complex, Kohistan, Pakistan 54.6 4.1 96.0 4.0
Ol28 1.60 Sapat Complex, Kohistan, Pakistan 53.6 3.8 96.1 3.9
Ol29 2.49 Sapat Complex, Kohistan, Pakistan 54.0 4.0 96.0 4.0
Ol30 2.22 Sapat Complex, Kohistan, Pakistan 49.2 6.6 93.0 7.0
Ol31 1.16 Sapat Complex, Kohistan, Pakistan 53.0 4.6 95.4 4.6
Ol32 0.41 Tanzania Strongly weathered 43.2 16.9 82.0 18.0
Ol33 0.40 Tanzania Strongly weathered 43.1 16.7 82.1 17.9
Ol34 0.54 Tanzania Strongly weathered 43.3 16.8 82.2 17.8
Ol35 0.81 Tanzania Strongly weathered 42.9 17.0 81.8 18.2

aCompositional parameters for San Carlos Olivine were taken from Jarosewich et al. [1980].
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and spinel-plagioclase lherzolite [Kurat et al., 1993]. Another sample (NMB28855) comes from Arizona, US;
its exact location, however, is not known. Samples Ol2 and Ol3 also come from unknown locations. Four
samples (Ol32–Ol35) were collected south of Oldoinyo Lengai, Tanzania. These crystals are strongly weath-
ered and exhibit a brown color typical for iddingsitation.

3.2. Chemical Composition
In order to correlate magnetic properties of olivine with their chemistry, the bulk sample chemical com-
position is required, because inclusions, whether they are submicroscopic or microscopic, can affect
magnetization parameters. Compositional data were therefore acquired for most samples by laser abla-
tion inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Institute of Geological Sciences,
University of Bern. Details of instrumental setup and optimization strategies are reported elsewhere
[Pettke et al., 2012]. LA-ICP-MS was preferred to conventionally employed electron probe microanalysis
(EPMA), because LA-ICP-MS allows analysis of a larger sample volume than that analyzed by EPMA. In
this way, the average composition of a large sample can be determined accurately with fewer spot
measurements than would be required for EPMA, while maintaining analytical resolution to identify
crystal-chemical zoning at the 100 mm scale. It should be noted, however, that analytical accuracy for
major element composition is inferior for LA-ICP-MS (1–2% 2SD) relative to that typical of EPMA. A 120
mm wide beam was used with LA-ICP-MS and at least four spots were measured per crystal to investi-
gate chemical homogeneity. Element concentration data were calculated assuming that the total of
major oxides is 100 wt % and that iron is present exclusively as Fe21. Data processing was performed
using SILLS [Guillong et al., 2008].

Chemical analysis of the gemstone quality crystals Ol23–Ol31 was performed using EPMA, because no
destructive measurements were possible on these samples [cf. Bouilhol et al., 2012, for ICP-MS analyses of
samples from the Sapat complex]. Each crystal was wrapped in aluminum foil prior to measurement. A hole
was cut into the foil above the best natural surface of the crystal and a drop of silver served as conductor.
The analyses were made on a JEOL JXA-8200 electron microprobe at the Institute of Geochemistry and
Petrology, ETH Zurich. The instrument was operated at an accelerating voltage of 15 kV, a beam current of
20 nA and with a focused beam. Synthetic forsterite and fayalite and synthetic and natural oxides were
used as standards. Several spots have been measured to check for sample homogeneity. The data were
u-q-z corrected.

3.3. Magnetic Measurements
Accurate crystallographic orientation of samples is mandatory for relating magnetic anisotropy to crystal
structure. The orientation of each single crystal was determined by Laue X-ray diffraction measured at the
Laboratory of Crystallography, ETH Zurich. The X-rays were generated in a Mo-tube operated at 50 kV and
35 mA. The Laue photographs were acquired in reflection mode with 4 min exposure time. Data analysis
was performed using the OrientExpress orientation software [Laugier and Filhol, 1983]. With this method,
crystals could be oriented to an accuracy of 6 2 degrees. All magnetic measurements were made at the
Laboratory of Natural Magnetism, ETH Zurich.

3.3.1. Acquisition of Isothermal Remanent Magnetization (IRM) and Hysteresis Properties
Acquisition of IRM was used to identify ferromagnetic inclusions in the olivine crystals. For this purpose, the
sample was magnetized with a pulse magnetizer (ASC Scientific, IM-10-30) in a field of 2 T in a known direc-
tion. Then, the sample was remagnetized in progressively higher fields in the opposite direction. After each
applied field, the magnetization was measured with a 2G Enterprises cryogenic magnetometer (Model 755).
The saturation remanent magnetization (SIRM) and remanent coercivity indicate the relative concentration
and type of ferromagnetic grains in the sample.

Hysteresis curves were measured on selected samples on a Princeton Measurements Corporation MicroMag
3900 vibrating sample magnetometer (VSM) in fields up to 1 T to further help identify the ferromagnetic
minerals, based on their coercivity and saturation magnetization. Magnetization curves were obtained using
mixed increments of 10 mT between 100 mT and 1000 mT, 1 mT between 20 mT and 100 mT and 0.5 mT
for applied fields lower than 20 mT. The slope of the high-field hysteresis curve was used as an independent
estimate of the paramagnetic susceptibility.
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3.3.2. Low-Temperature Mag-
netization Curves
Low-temperature magnetiza-
tion curves were measured on
two crystals on which destruc-
tive measurements were
allowed. Magnetization paral-
lel to each of the crystallo-
graphic axes was measured
on a Quantum Design Mag-
netic Property Measurement
System (MPMS) at the Labora-
tory for Solid State Physics,
ETH Zurich. The temperature
dependence of the suscepti-
bility was measured in fields
of 1 T and 0.01 T and for a
temperature range between

300 and 2 K. The cooling rate was 10 K/min and the temperature was stabilized prior to each suscepti-
bility measurement.

3.3.3. Anisotropy of Magnetic Susceptibility
Anisotropy of magnetic susceptibility was measured in low and high magnetic fields. The sum of the dia-
magnetic, paramagnetic and ferromagnetic contributions of all mineral grains in the sample is measured
with both instruments. Low-field AMS was determined with an AGICO MFK1-FA Kappabridge in a magnetic
field of 200 A/m and with a frequency of 976 Hz. Weak samples were remeasured in 500 A/m fields. The sus-
ceptibility tensor was calculated from 15 directional measurements. In order to increase data quality, the
values for 10 measurements in each direction were stacked [Biedermann et al., 2013].

High-field AMS was measured on a torque magnetometer in six different fields between 1.0 T and 1.5 T
[Bergm€uller et al., 1994]. Measurements were obtained in three mutually perpendicular planes, using a 30�

measurement increment in each plane. The torque magnetometer determines the deviatoric susceptibility
tensor. High-field measurements were conducted both at room temperature and at 77 K. The fields, which
were applied, are large enough to saturate magnetite inclusions. When saturated, the ferromagnetic contri-
bution to the torque signal is independent of any increase in the field, whereas the paramagnetic contribu-
tion increases in proportion to the square of the field. This allows for separation of the diamagnetic,
paramagnetic, and ferrimagnetic contributions to the high-field AMS [Mart�ın-Hern�andez and Hirt, 2001,
2004; Schmidt et al., 2007].

4. Results

4.1. Chemical Composition
The olivine sample suite covers the compositional range from Fo90 to Fo99 for the fresh samples and
Fo82 for the strongly weathered olivines (Table 1, and supporting information, Table A). Low spot-to-
spot variability of most elements indicates that cations are homogeneously distributed within most crys-
tals. There are several exceptions, such as for NMB45445, which exhibits macroscopically visible dark
needle-shaped inclusions. According to Bouilhol et al. [2012], needles of Mg-Fe borates are characteristic
for Sapat olivine. Sample Ol14 comprises spherical black inclusions that may correspond to magnetite.
Additionally, Ol2 and NMB28855 contain melt inclusions characterized by elevated bulk contents of Fe
and high concentrations of rare earth elements. In the fresh samples, the Ni content varies between
1900 and 3000 mg/g. Other cations with large magnetic moments, such as Cr or Mn, are only present in
very small amounts (<1 wt % MnO;< 300 mg/g Cr). The weathered samples from Tanzania have differ-
ent compositions, with higher iron contents, and larger amounts of other elements such as Ti, Mn, Ca,
Na, K, Zn, Sr, and Zr, compared to fresh olivine. Their Ni content varies between 1000 and 1100 mg/g
and Cr is �60 mg/g.

Figure 2. Representative IRM acquisition curves show low coercivities and saturation fields
for the ferromagnetic inclusions.
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4.2. IRM Acquisition and Hysteresis
The acquisition of IRM was measured
on selected crystals from the different
localities (Figure 2). All samples have a
remanent coercivity <50 mT, and sam-
ples NMB45445, Ol14, and Ol31 have a
coercivity value <20 mT. Samples
NMB45445 and NMB47213, Ol14 and
Ol15 saturate in fields below 200 mT,
while the remaining crystals are satu-
rated by 300 mT. NMB45445, Ol14,
Ol34, and Ol35 have the strongest sat-
uration magnetizations indicating the
highest concentrations of ferromag-
netic inclusions (Table 2). It should be
noted that saturation is reached well
below 1 T, which allows for a reliable
separation of paramagnetic and ferro-
magnetic contributions using high-
field AMS.

Hysteresis was measured on the samples small enough to fit in-between the poles of the vibrating sample
magnetometer. Many samples showed a positive linear relationship between field and magnetization,
which indicates the presence of only a paramagnetic component. Those samples with a ferromagnetic (s.l.)
contribution showed low coercivities and were magnetically saturated by 300 mT. Because the cryogenic
magnetometer is more sensitive in detecting remanent magnetization than the VSM, magnetite was identi-
fied in Ol2 and Ol3 from IRM acquisition, whereas the hysteresis curves show a pure paramagnetic
component.

4.3. Magnetic Susceptibility and Anisotropy
4.3.1. Low-Temperature Susceptibility
Low-temperature susceptibility was determined for Ol14 and Ol15. The measurements show that the
increase in directional susceptibility with decreasing temperature is anisotropic. For temperatures larger
than �100 K, the susceptibility can be approximated by a Curie-Weiss law along all three crystallographic
axes:

vobs5
M
H

5l0
C

T2h
1v0

where vobs is the molar susceptibility, M the measured magnetization in the applied field H, l0 the perme-
ability of free space, C the Curie constant, and v0 a temperature-independent background, such as diamag-
netic or van Vleck paramagnetic susceptibility. The Curie constant is defined as:

C5
lB

2g2SðS11ÞN
3kb

where lB is the Bohr magneton, g is Land�e’s g-factor, S is
the spin number, N is the number of magnetic ions, and kb

is Boltzmann’s constant. Ferrous iron possesses a spin S 5 2.
The material constants g and h depend on the crystallo-
graphic direction as shown in Table 3.

Local magnetic ordering sets in below approximately 100 K
when the field is parallel to b, resulting in a smaller increase
in the susceptibility than predicted by the Curie-Weiss Law
when the temperature is decreased further. When the field
is applied along the crystallographic a axis, the measured
susceptibility is stronger than predicted below 60 K for Ol15

Table 2. Saturation Remanence and its Effect on Susceptibility

Sample
SIRM

(Am2/kg)

Influence on
LF AMS

Directions
Influence
on kmean

NMB14203 5.39E-05 None None
NMB28855 6.99E-05 Tilt of k1, k2 None
NMB45445 1.08E-03 All axes tilted Yes
NMB47213 1.17E-04 Tilt of k1, k3 None
Ol1 7.11E-05 Tilt of k2, k3 None
Ol2 3.59E-05 None None
Ol3 3.10E-05 None None
Ol9 1.08E-04 Tilt of k1, k2 None
Ol10 1.79E-04 Tilt of k1, k2 None
Ol12 1.13E-04 Tilt of k1, k2 None
Ol14 3.74E-03 All axes tilted Yes
Ol15 1.14E-04 None None
Ol16 1.80E-05 None None
Ol22 1.49E-05 None None
Ol27 8.68E-05 None None
Ol30 7.14E-04 None Yes
Ol31 1.05E-04 None None
Ol34 7.72E-03 All axes tilted Yes
Ol35 2.13E-03 All axes tilted Yes

Table 3. Paramagnetic Curie Temperatures and g-
Factors Obtained from Low-Temperature Suscepti-
bility Curves of Ol14 and Ol15

Field Direction g (2) h (K) v0 (m3/mol)

Ol14
H//a 1.85 211 9.7E-10
H//b 1.91 218 24.5E-11
H//c 1.86 24 1.8E-09

Ol15
H//a 2.12 211 2.8E-09
H//b 2.18 218 1.4E-09
H//c 2.16 26 2.4E-09
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or 90 K for Ol14. Only a minor deviation towards higher susceptibility compared to Curie-Weiss behavior
can be seen in Ol15 for T< 10 K when the field is parallel to the c axis. In relation to the anisotropy meas-
ured, the susceptibility along the a- and b-axes is very similar (1.84*1028 m3/mol and 1.80*1028 m3/mol for
Ol14, and 2.47*1028 m3/mol and 2.38*1028 m3/mol for Ol15) at room temperature. At 77 K the susceptibility
parallel to the b axis is affected by the onset of local magnetic order and smaller than the susceptibility par-
allel to a (Figure 3).

4.3.2. Low-Field AMS
Most crystals in the Fo90–Fo96 range have mean susceptibility on the order of 1.5* 1027 m3/kg; there is a
good agreement with the high-field susceptibility vhf, on crystals where this was determined. The mean sus-
ceptibilities of e.g. NMB45445 and Ol14 are five to 20 times larger than those of the other fresh crystals, which
is due to ferrimagnetic inclusions. The weathered crystals have higher mean susceptibilities and show a larger
variation. The forsterite crystals Fo1 and Fo2 have very weak susceptibilities and appear diamagnetic when
measured on the MFK1 susceptibility bridge but paramagnetic on the VSM, which might be explained by
incomplete subtraction of the holder signal, i.e. the glue used to fix the sample within the plastic cylinder was
not corrected for in the MFK1 measurement. It cannot be ruled out that the glue also influenced the low-field
AMS of forsterite, however, it is not expected that the effect is large given the relative amounts of crystal and
glue. All other crystals display mean susceptibilities that are at least an order of magnitude higher than that of
forsterite and the effect of the glue is negligible. The low-field AMS of each crystal was measured 10 times,
and averaged principal directions are shown for each crystal in Figure 4. The anisotropy is significant for all
crystals except Ol11. The maximum susceptibility groups around the crystallographic c axis, whereas the inter-
mediate and minimum susceptibilities are distributed in the a-b-plane. Nearly all crystals have inherent aniso-
tropies between 3% and 10% (P 5 k1/k3 1.03–1.10), except for samples with ferromagnetic contributions,
which have a higher degree of anisotropy. This is best illustrated in samples that showed a high saturation
remanence, e.g. NMB45445 and Ol14 with P 5 3.03 and 2.54, respectively. The large P-values of the two for-
sterite crystals are due to their weak susceptibility [cf. Hrouda, 2004; Biedermann et al., 2013]. Most samples
display a prolate shape of the low-field AMS ellipsoid (supporting information, Table B).

4.3.3. High-Field AMS
Torque measurements in high fields, unlike the low-field measurements, allow for separation of paramag-
netic and ferrimagnetic contributions to the AMS. The torque for the forsterite crystals is weak but signifi-
cant at room temperature. At low temperature, however, the noise level is higher and dominates the
torque signal. The principal susceptibilities show different directions for both crystals at room temperature
and neither is parallel to the crystallographic axes. AMS directions are not well defined for these crystals
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because the torque response is at the sensitivity level of the torquemeter. This could be due to a superposi-
tion of diamagnetic and paramagnetic fabrics, as indicated by the decrease in anisotropy at low tempera-
ture. A separation of these two components was not possible.

For most of the crystals with >3 wt % FeO, the paramagnetic component is dominant, and responsible for
ca. 90 % of the anisotropy (supporting information, Table C). A typical example of the torque signal is shown
in supporting information, Figure A. The anisotropy of one crystal, Ol11, was not significantly above the
noise level. For all other samples, the principal paramagnetic susceptibilities are clearly related to crystallo-
graphic axes of the olivine crystals (Figure 5). The k1 axes are aligned along c in all fresh olivine crystals. Of
these, 10 crystals have 3–5 wt % FeO and 19 samples (18 of which have significant anisotropy) contain 6–10
wt % FeO. For most crystals of the latter group, k2 is along the a axis and k3 is along the b axis at room tem-
perature. For the crystals whose FeO-content is 3–5 wt %, k3 is dominantly along the crystallographic a axis.
The degree of anisotropy, k0, varies from 3.1*1029 m3/kg to 5.7*1029 m3/kg and the U-parameter is prolate
for all samples except one and ranges from 20.99 to 10.14. The weathered samples have their maximum
paramagnetic susceptibility parallel to the crystallographic c axis, and the minimum susceptibility parallel to
the b axis, similar to the other crystals with higher iron content. However, they have more oblate ellipsoid
shapes, with U ranging from 0.02 to 0.23.

The paramagnetic anisotropy becomes more dominant at 77 K. The orientation of the k1 axes does not
change significantly in the fresh samples, but the k2 axes are all oriented about the a axis of their respective
crystals, and the k3 axes are grouped around the b crystallographic axes (Figure 5). The weathered olivine
shows a different behavior at 77 K; while the minimum susceptibility remains parallel to the b axis, the maxi-
mum is now parallel to the a axis. The shape of the AMS ellipsoids is shifted toward the oblate field at low
temperature (Figure 6). At 77 K, the fresh olivine exhibits U-values between 20.55 and 10.35 and the
weathered olivine has U between 10.55 and 10.67. The degree of the paramagnetic anisotropy increases
with decreasing temperature. This increase can be quantified by p077, defined as p0775k077K=k0298K , which is
not significantly different from p77 defined by Schmidt et al. [2007]. The degree of the paramagnetic contri-
bution to the high-field AMS increases at 77 K by an average of 7.1 6 0.5 with respect to room temperature
for fresh olivine and 8.0 6 0.3 for weathered crystals.

The ferromagnetic component of the anisotropy is weak and usually contributes less than 10 % to the tor-
que signal. Even though the contribution is not significant for most samples, the principal directions of this
component are surprisingly consistent, in particular for the crystals with 3–5 wt % FeO, which are mainly
from the Sapat Complex, Pakistan. The maximum susceptibility of the ferromagnetic component is tilted
45� with respect to the crystallographic c axis of the olivine (Figure 5). The shape parameter U covers the
entire range from 20.83 to 0.87 and the anisotropy degree of the ferromagnetic AMS varies between
1.3*10210 m3/kg and 2.8*1028 m3/kg (supporting information, Table C).
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5. Discussion

The mean magnetic suscepti-
bility shows a general increase
with iron content (Figure 7).
Exceptions to this general
trend are samples, whose sus-
ceptibilities are mainly due to
magnetite inclusions, e.g. Ol14
and NMB45445 and the
weathered crystals. These
crystals displayed
SIRM> 7.1*1024 Am2/kg. Our
data agree with the relation-
ship of susceptibility and
fayalite content of both
Nagata et al. [1957] and Hoye
and O’Reilly [1972], within the
limited compositional range.

At T< 100 K, the susceptibility parallel to the crystallographic b axis is lower than expected based on the
Curie-Weiss law. This can be attributed to the onset of local antiferromagnetic interactions, which agrees
with the occurrence of antiferromagnetic ordering in fayalite as described by Ballet et al. [1989]. The suscep-
tibility along the c axis continues to follow the Curie-Weiss law down to 10 K in Ol15. Similarly, the suscepti-
bility along the c axis in fayalite corresponds to a Curie-Weiss behavior below the N�eel temperature [Ballet
et al., 1989]. It appears that local ferromagnetic ordering may occur along the a axis due to canting of the
spins, which could result from dipolar interaction, anisotropic exchange coupling, or a weak single ion ani-
sotropy [Ballet et al., 1989; Ehrenberg and Fuess, 1993; M€uller et al., 1982]. Overall, however, the antiferromag-
netic interactions dominate. We found Curie temperatures of 211 K, 218 K and between 24 and 26 K for
a magnetic field applied parallel to the crystallographic a-, b-, and c-axes, respectively. Hoye and O’Reilly
[1972] provided a formula to calculate the Curie temperature, h5 287x, where x is the fayalite mole frac-
tion. In our samples, x 5 0.076, which leads to h5 26:6 K . This lies within the range of directionally
dependent temperatures found in our samples. The low-field anisotropy has been shown to be influenced
by ferromagnetic inclusions in the crystal. The principal directions of low-field susceptibility lie close to the
paramagnetic principal susceptibilities of their respective crystals as long as the SIRM is not larger than
5.4*1025 Am2/kg. Mean susceptibility on the other hand is less affected by the ferromagnetic inclusions
until their concentration increases by a factor of 10. Thus, the low-field magnetic anisotropy can be affected
by ferromagnetic inclusions in a crystal, where this may not be obvious from the mean susceptibility values.

Most samples with SIRM
>6.9*1025 Am2/kg display an
AMS ellipsoid that is tilted with
respect to the pure paramag-
netic ellipsoid. Samples with
SIRM >1024 Am2/kg have
higher P-values than samples
that showed purely paramag-
netic behavior from their mag-
netization curves. The
saturation remanence of many
samples that acquired an IRM
indicates that the concentra-
tion of magnetite is very low,
and does not have a significant
contribution to the mean sus-
ceptibility. These samples
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display no relationship between
the degree of anisotropy,
expressed either as P or k0, with
iron content (supporting informa-
tion, Figure B). The higher P-val-
ues of the forsterites can be
attributed to the low value of
mean susceptibility [Biedermann
et al., 2013; Hrouda, 2004].

The paramagnetic component of
the high-field AMS is related
to the silicate lattice, whereas the
ferromagnetic component can be
attributed to iron oxide inclusions.
Olivine has an orthorhombic crys-
tal structure. According to Neu-
mann’s principle [Neumann, 1885],
any physical property of a crystal

must include all symmetry elements of its point group. In the case of an orthorhombic crystal, the principal
axes of any second-order tensor property must be parallel to the crystallographic axes.

A significant magnetic anisotropy was only found in the two forsterite crystals when measured at room
temperature in high fields, and their principal AMS directions are variable. This could be explained by vary-
ing contributions of paramagnetic and diamagnetic effects. The samples become less anisotropic at low
temperature, i.e. enhancement of the temperature-dependent paramagnetic contribution is more isotropic.
This suggests that the observed anisotropy at room temperature arises from a combination of paramagnetic
and diamagnetic contributions or van Vleck paramagnetism.

All crystals containing more than 3 wt % FeO show a clear alignment of the principal susceptibilities with
the crystallographic axes. The grouping of paramagnetic principal susceptibilities is better at low tempera-
ture, where the paramagnetic anisotropy is enhanced. At low temperature, the minimum susceptibility is
parallel to b, whereas it can be parallel to a or b at room temperature, depending on the iron content. Fresh
olivine crystals containing >6 wt % FeO show a similar relationship in the orientation of the principal axes
of paramagnetic anisotropy compared to published experimental and theoretical studies on fayalite—their
maximum susceptibility is parallel to the crystallographic c axis, and the minimum susceptibility parallel to
the b axis [Ballet et al., 1989; Ehrenberg and Fuess, 1993]. Thus, their AMS can be explained by the large mag-
netic moment of iron, which dominates the magnetic signal. Several studies have shown that for solid solu-
tions in the olivine group, iron atoms show a small preference for the M1 sites over the M2 sites [Deer et al.,
1997 and references therein]. The enrichment of iron in M1 is variable and shows no correlation to bulk
composition. The preference of iron for M1 sites, together with the fact that Fe21 on M1 sites results in an
easy magnetization direction parallel to the c axis [Ballet et al., 1987], explains why the k1 principal axes of
the fresh crystals are parallel to c. In samples with 3–5 wt % FeO, the intermediate and minimum suscepti-
bilities can be interchanged at room temperature. The weathered crystals with FeO �17 wt % have their
minimum susceptibility parallel to b at both temperatures, but the maximum susceptibility switches from c
to a at 77 K. The change in AMS principal directions between the fresh and weathered olivine crystals can
be attributed to the chemical alteration of olivine to iddingsite, which introduces hydroxyls into the struc-
ture. This will affect the interatomic distances or crystal fields, which will in turn influence the magnetic
anisotropy.

The shape of the AMS is prolate for the fresh crystals at room temperature and more neutral at 77 K. M€uller
et al. [1982] measured the temperature dependence of susceptibility in fayalite between 4.2 K and 120 K
and showed that the susceptibility is different along all three axes at 4.2 K and 35 K, but that the susceptibil-
ities along a and b are the same at 120 K. A similar behavior is presented here for Mg-rich olivine—the sus-
ceptibilities parallel to the a- and b-axes are nearly equal at room temperature, but differ at 77 K due to the
onset of magnetic ordering below �100 K. The degree of anisotropy of the paramagnetic AMS increases
with iron content, although there is an additional variability in the data (Figure 8). Further, the shape of the
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AMS ellipsoid is more prolate for samples with <5 wt % FeO than for those with >6 wt % FeO, and the
weathered samples all plot in the oblate field.

A ferromagnetic contribution to the susceptibility and its anisotropy was detected in part of our samples,
related to a low-coercivity phase such as magnetite. Although the contribution of the ferromagnetic com-
ponent of the AMS is weak, its directions are consistent, with the maximum principal susceptibility tilted at
45� to the c axis of the host olivine. Several studies have shown that nucleation and growth of inclusions in
olivine is controlled crystallographically; e.g. Fe-Ni globules in chondritic olivine grow such that the (110)
axis of the metal is parallel to (100) of olivine [Lappe et al., 2011; Leroux et al., 2003]. We suggest tentatively
that similar relationships may hold for magnetite in olivine. Further work is needed, however, to investigate
the directional relationship of magnetite inclusions in terrestrial olivine.

Due to the well-defined magnetic anisotropy which is related to the crystallographic lattice of olivine, AMS
is a proxy for rock texture in olivine-dominated rocks. Olivine AMS can be used to investigate deformation
or flow patterns in the upper mantle. Hrouda et al. [2009] provides an example of how the AMS-derived fab-
ric can give insight into processes of emplacement of an ultramafic body. Furthermore, magnetic anisotropy
may be used to infer seismic anisotropy in the upper mantle.

If the orientation distribution function of crystals in an olivine-rich rock is known, results for individual single
crystals can be used to compute the magnetic anisotropy of the bulk rock. This can be done for (1) the para-
magnetic component, given that ferromagnetic inclusions are absent or display random orientation, which
would carry no anisotropy, and (2) for the ferromagnetic component if ferromagnetic inclusions are consis-
tently oriented with respect to olivine. This is the case for several crystals used in this study that have a fer-
romagnetic anisotropy. The ferromagnetic fabric will be dependent on when the ferromagnetic minerals
formed. For example, exsolution products are structurally oriented with respect to the host olivine, whereas
minerals formed during alteration processes do not necessarily display a preferred orientation [Deer et al.,
1997; Haggerty and Baker, 1967; Xuexiang et al., 2009]. With new satellite data coverage from the SWARM
mission [e.g., Friis-Christensen et al., 2006], detailed information on crustal magnetic anomalies will become
available. Our data are central to the proper interpretation of magnetic anomalies over ultramafic bodies,
because the paramagnetic and ferromagnetic anisotropies cause a tilt in the magnetization with respect to
the magnetic field. In other words, rock texture can deflect magnetization that will thus not be parallel to
the ambient magnetic field, but can be tilted toward the magnetic lineation. This anisotropy may have to
be taken into consideration when modeling observed magnetic anomalies.

6. Conclusions

The magnetic signal of olivine is dominated by iron. Mg21, Si41, and O22 are all diamagnetic whereas Fe21

is paramagnetic and possesses a strong magnetic moment. Pure forsterite should have a negative mean
susceptibility and exhibit a purely diamagnetic anisotropy. The forsterite crystals (Fo1, Fo2) contain 1 wt %
FeO, which is sufficient to cause a positive susceptibility. The AMS of the forsterite crystals is thus a superpo-
sition of diamagnetic and paramagnetic contributions, which explains why the principal susceptibilities are
not parallel to the crystallographic axes.

Our study has demonstrated that the principal axes of paramagnetic susceptibility can be directly linked
to certain crystallographic axes as soon as >3 wt % FeO are present in an olivine crystal. If the iron
content is between 6 and 10 wt % FeO in fresh crystals, the maximum and minimum susceptibilities
are parallel to the c- and b-axes, respectively. For crystals with iron contents between 3 and 5 wt %,
the minimum susceptibility is mostly parallel to the a axis, while the maximum susceptibility remains
along the c axis. This is due to the ionic anisotropy of iron in the M1 sites, its preferred location. At
room temperature, the AMS ellipsoid is highly prolate, especially for samples with iron contents <5 wt
% FeO. Samples with 6–10 wt % FeO display a prolate anisotropy ellipsoid, but with a larger difference
between k2 and k3 than samples with <5 wt % FeO. At 77 K, the AMS is triaxial for all samples. These
results do not agree with the results in Belley et al. [2009] or Ferr�e et al. [2005a]. They do agree, how-
ever, with Ferr�e et al. [2005b] and with AMS results for fayalite [Ballet et al., 1989; Cococcioni et al., 2003;
Ehrenberg and Fuess, 1993; M€uller et al., 1982]. The degree of high-field anisotropy increases by a factor
(p077) of 7.1 6 0.5 at 77 K compared to room temperature. The different behavior displayed by the
weathered crystals highlights how differences in mineral composition can affect the AMS. Our findings
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have great potential for using AMS as a proxy for mantle deformation. They also have implications for
modeling magnetic anomalies observed over deformed ultramafic rock domains.
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