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S U M M A R Y
‘Anomalous’ magnetic fabrics in dikes that appear to indicate flow into the wall confound many
workers. Here, we present extensive magnetic data on five dikes from Tenerife, Canary Islands,
and use these to interpret the causes of the anomalous fabrics. Comparison of the anisotropy
of magnetic susceptibility (AMS) and anhysteretic magnetization (AARM) results show that,
in some cases, the anomalous fabrics are caused by single-domain grains, which produce
AMS fabrics perpendicular to the grain elongation, whereas AARM fabrics are parallel. To
check this, hysteresis experiments were used to characterize the domain state. These show
most are mixtures of pseudo-single-domain or single-domain plus multi-domain particles, but
many have wasp-waisted hysteresis loops, likely indicating mixed populations of stable single-
domain and superparamagnetic grains. First-order reversal curves were used to better charac-
terize this and show mixtures of stable single-domain and superparamagnetic grains dominate
the magnetic signal. Magnetic particles at the stable single-domain/superparamagnetic thresh-
old are unstable at timespans relevant to the analytical techniques, so they produce complicated
results. This suggests that anomalous AMS fabrics in dikes cannot simply be attributed to elon-
gated stable single-domain particles and that mixtures of the different grain types can produce
hybrid fabrics, in which the fabrics are neither perpendicular or parallel to the dike plane, that
are difficult to interpret without extensive magnetic analysis.

Key words: Magnetic fabrics and anisotropy; Physics of magma and magma bodies; Effusive
volcanism.

1 I N T RO D U C T I O N

The anisotropy of magnetic susceptibility (AMS) is the most widely
used method to infer magma flow in dikes. It has been applied to
rocks of all ages in the geological record, which include a wide
variety of geodynamic settings and magma compositions. The in-
terpretation of magma flow in dikes using AMS data has been
systematically improved since the pioneer works by Khan (1962)
and Ellwood (1978). Early interpretations of magma flow relied on
the assumption that AMS fabric is flow related if the maximum sus-
ceptibility axes (K1) are in, or imbricate to, the dike plane (Knight
& Walker 1988; Ernst & Baragar 1992; Tauxe et al. 1998). More
recent studies emphasize that interpretation of magma flow should
be based on the shape of the AMS fabric and suggest that, for planar
fabrics, the plane of magnetic foliation is a more suitable indicator
of magma flow than K1 (Geoffroy et al. 2002; Callot & Guichet
2003; Porreca et al. 2006; Delcamp et al. 2014).

In any study of the AMS in dikes, there are a number of pos-
sible fabrics whose interpretation in terms of magma flow is not
straightforward. These fabrics are currently termed ‘anomalous’ or
‘abnormal’, as opposed to ‘normal’ fabrics, which allow for a more
straightforward interpretation. Table 1 illustrates the variability of
anomalous and inverse fabrics with respect to flow-related fabrics
as reported in some AMS studies in the literature. Dikes sampled
along cross-section profiles reveal that anomalous and normal fab-
rics may coexist within a dike profile (Herrero-Bervera et al. 2001;
Kissel et al. 2010). Inverse fabrics, a particular type of anomalous
fabric in which the AMS fabric is oriented perpendicular to the dike
plane, have been the subject of some debate and there is no current
consensus on their interpretation and origin (Potter & Stephen-
son 1988; Rochette et al. 1999; Cañón-Tapia & Chávez-Álvarez
2004; Chadima et al. 2009; Hastie et al. 2011; Delcamp et al.
2014). In most cases, sites with such fabrics are discarded as not
interpretable.
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Table 1. Anomalous and inverse magnetic fabrics reported in studies of AMS in dikes.

Reference N dikes Anomalous Inverse Composition Geologic context Location

Delcamp et al. (2014) 79 19 12 Basalt Ocean island rift zone Tenerife
Chadima et al. (2009) 15 8 5 Basanite to trachybasalt Intracontinental rift Bohemian massif
Soriano et al. (2008) 89 19 2 Basalt to phonolite Ocean island rift zone Tenerife
Porreca et al. (2006) 16 6 3 Tephrite to phonolite Stratovolcano Vesubio
Poland et al. (2004) 2 0 Andesite/dacite Stratovolcano Colorado
Aubourg et al. (2002) 7 0 Rhyolite Lava flow complex Ponza
Callot et al. (2001) 8 5 3 Dolerite Ocean spreading rift Greenland
Raposo & D’Agrella-Filho (2000) 81 9 9 Basalt to andesite Intracontinental rift Brazil
Tauxe et al. (1998) 251 62 6 Basalt to andesite Ophiolite complex Cyprus
Rochette et al. (1991) 29 11 6 Basalt to andesite Ophiolite complex Oman
Knight and Walker (1988) 61 7 ? Basalt Ocean island rift zone Hawaii

The aim of this contribution is to improve the interpretation of
AMS data in dikes by focusing on anomalous fabrics, in order to
see if they can be used to infer magma flow in dikes. We study
the magnetic properties along cross-section profiles in five dikes
selected from rift zones of the Anaga massif, in the Miocene basaltic
shield of Tenerife, Canary Islands. Soriano et al. (2008) provide
details on the geologic setting and on the dike swarms in this rift
zone. Silicate fabrics, magnetic fabrics, magnetic mineralogy and
domain state are characterized for each particular dike with different
techniques. The causes of anomalous fabrics are investigated for
each dike and the domain state is believed to play a major role
in inverse AMS fabrics and in the fabrics of the anisotropy of
anhysteretic remanent magnetism (AARM). Based on our results,
some implications for AMS studies and magma flow in dikes are
highlighted.

2 FA B R I C N O TAT I O N A N D S A M P L I N G
P RO C E D U R E

Designation of a magnetic fabric as ‘anomalous’ is somewhat am-
biguous and there is not a clear definition for the term. Anomalous
fabrics include scattered AMS data on the stereoplot, different types
of asymmetric fabrics with respect to the dike plane (for example
‘scissored’ fabrics), and inverse fabrics (Tauxe et al. 1998; Ro-
chette et al. 1999; Borradaile & Gauthier 2003; Féménias et al.
2004; Chadima et al. 2009). In turn, designation of a magnetic
fabric as ‘inverse’ depends on the criteria chosen to infer magma
flow (magnetic foliation or magnetic lineation), which ultimately
depends on the shape of the AMS ellipsoid. Scattered data on the
stereoplot, asymmetric fabrics and inverse fabrics may have differ-
ent causes. They can be sampling and/or data processing artefacts
but can also correspond to physical phenomenon such as shearing,
crystallization of magnetic minerals perpendicular to the dike walls
and the relation between confining pressure and buoyant forces of
magma.

In this work, we use a two-fold fabric notation based on the shape
of the AMS ellipsoid. If the AMS ellipsoid is oblate, the magnetic
fabric is considered as normal when the magnetic foliation (K1–K2

plane) is parallel or imbricated (≤35◦) to the dike plane and it is
considered as inverse when the magnetic foliation is perpendicular
to the dike plane. If the AMS ellipsoid is prolate, the magnetic fabric
is considered as normal when the magnetic lineation (K1) is parallel
or imbricated (≤35◦) to the dike plane and it is considered inverse
when the magnetic lineation is perpendicular to the dike plane. For
triaxial AMS ellipsoids we use the same criteria than for prolate
AMS ellipsoids. To avoid ambiguity, we designate all other fabrics
with descriptive terms (Table 2).

For this study, five dikes were sampled across profiles perpendic-
ular to the dike margins. Dikes were selected based upon a previous
study (Soriano et al. 2008). One dike has a normal fabric and
the other four are classified as anomalous or inverse. The sampled
dikes are basaltic to phonolitic and porphyritic, with euhedral py-
roxene, plagioclase, olivine, amphibole and sanidine phenocrysts
in a groundmass of plagioclase microlites. Opaque minerals occur
in different proportions as phenocrysts and as small crystals in the
groundmass. Dikes are subvertical and some are segmented. They
range from 120 to 265 cm thick and intrude coherent lavas and
autobreccias and other dikes of basaltic composition. Dikes show
planar to wavy chilled margins up to 5 cm thick. Both dike margins
are subparallel (Fig. 1). Dikes show columnar jointing perpendic-
ular to dike margins and flow banding subparallel to the margins.
In some cases, vesicles with oblate and prolate shapes are imbri-
cated with respect to the margins (Table 2). Core samples were
obtained with a portable drill and oriented with magnetic and sun
compasses. About 30 cores were drilled for each dike, distributed
in five groups of 6 cores: two groups on both margins within 10 cm
of the dike walls, one group at the centre of the dike, and two
groups at intermediate positions between the centre and the mar-
gins (Fig. 1). Individual cores were drilled as close as possible
to others within their group, so that the 6 cores of each group
are within a distance of less than 50 cm along the length of the
dike.

3 M E T H O D S

This study includes analysis of oriented thin sections on the optical
and SEM microscopes, X-ray diffraction analyses (XRD), energy-
dispersive X-ray spectroscopy (EDS), measurements of the AMS,
the AARM and the anisotropy of isothermal remanent magneti-
zation (AIRM), acquisition of isothermal remanent magnetization
(IRM) and three-axes thermal demagnetization of the IRM, hystere-
sis loops and First Order Reversal Curves (FORCs). All experiments
were conducted at room temperature.

A powder diffractometer Bruker-AXS D5005 was used at the
Institute of Earth Sciences Jaume Almera (ICTJA CSIC) to conduct
the XRD analyses of selected samples. Oriented thin sections were
studied with a Zeiss DSM 940A scanning electron microscope and
EDS detector at the Centres Cientifics i Tecnologics at the Univer-
sitat de Barcelona (CCiTUB).

AMS was measured with a Kappabridge KLY-2 (Geofyzika Brno)
at the Laboratory of Palaeomagnetism of the CCiTUB - ICTJA
CSIC following the 15-position scheme of Jelinek (1977). Data
were processed with the Pmag software package developed by L.
Tauxe (Pmag1.9 version) and the program ANISOFT4.2 (Agico).
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c Whereas AMS summarizes the fabric caused by all magnetic con-

tributions (dia-, para- and ferromagnetic minerals), AARM and
AIRM reflect the anisotropy component due only to the orienta-
tion of remanence-bearing minerals (Cox & Doell 1967; McCabe
et al. 1985; Jackson 1991). AIRM and AARM analyses were car-
ried out on a few samples at the Alpine Laboratory of Palaeomag-
netism (ALP) in order to choose the best technique to study the
anisotropy of remanence. Although both methods yielded similar
results, AIRM data were more scattered. Hence, AARM was the
method chosen to perform measurements on samples from those
groups of cores showing inverse AMS fabric and also on samples
from groups of cores with normal, scattered and asymmetric AMS
fabrics. AARM measurements were not intended to yield quanti-
tative estimations of the AARM fabrics but just to investigate the
coaxiality between AMS and AARM fabric axes. For these reason
AARM experiments were conducted only on three to four sam-
ples of each group of cores. AARM was obtained after applying
an ARM in either 6 or 12 different positions with AF of 60 mT
and DC of 100 μT. Between each position, specimens were demag-
netized by AF tumbling with a Molspin AF demagnetizer. Com-
putation of the AARM tensor was done with the program AREF
(v2.0; Agico).

IRM acquisition and three-axes stepwise thermal demagnetiza-
tion experiments (Lowrie 1990) were performed on 46 samples
across dike profiles. An impulse magnetizer IM10-30 (ASC Sci-
entific) and a thermal demagnetizer TSD-1 (Schonsdted) at the
Laboratory of Palaeomagnetism of the CCiTUB - ICTJA CSIC
were used for these purposes. IRM acquisition began with a field
of 500 mT imparted along the –Z-axis and subsequent increas-
ing fields, from 1 to 500 mT, were applied along the +Z-axis in
order to obtain the coercivity of remanence (Hcr). An IRM was
successively imparted along three orthogonal axes of the sam-
ple (first 1.2 T along the Z-axis, then 0.3 T along the Y-axis
and finally 0.1 T along the X-axis), followed by stepwise ther-
mal demagnetization to obtain the unblocking temperature for each
axis.

Hysteresis measurements were carried out with a MPMS XL
SQUID magnetometer (Quantum Design) in the Magnetic Mea-
surements Laboratory of the CCiTUB. The hysteresis loops were
obtained by applying increasing fields from –2 to +2 T. The stan-
dard hysteresis parameters Mr, Ms, Hc and Hcr, where Mr is the
saturation remanence, Ms is the saturation magnetization, Hc is the
coercive force and Hcr is the coercivity of remanence, were plot-
ted as Mr/Ms and Hcr/Hc ratios in the Day diagram (Day et al.
1977). The Day plot is a standard tool to discriminate the domain
state, which is attributed to grain size variations in samples with
titanomagnetite and magnetite. However, interpretation of the hys-
teresis parameters in terms of domain state can be ambiguous and
characterizing the contributions of the different grain sizes in the
magnetic signal is not always possible (Roberts et al. 2000; Dunlop
2002; Muxworthy et al. 2005; Smirnov 2006). FORC distributions
allow a more precise characterization of the domain state and for
this reason FORC experiments were conducted on selected sam-
ples. In particular, density distributions of FORC diagrams allow
characterizing magnetostatic interactions along the Hu axis and co-
ercive force along the Hc axis (Roberts et al. 2000; Muxworthy
et al. 2005; Smirnov 2006). FORCs were measured with a vibration
magnetometer Micromag 3900 (Princeton Measurements Corpo-
ration) at the Centro Nacional de Investigación de la Evolución
Humana (CENIEH). The saturating field was 5kOe with an aver-
aging time of 100 ms, getting 111 FORC curves for each FORC
diagram. FORC’s processing was carried out using the FORCinel
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Figure 1. Photograph of dikes AD10, AD12 and AD6 showing the sampling strategy along cross-section profiles of dikes. 1 and 5 are groups of samples at
dike margins, 3 is group of samples in dike centre and 2 and 4 are groups of samples in the intermediate positions.

and VARIFORC software packages (Harrison & Feinberg 2008;
Egli 2013).

4 M A G N E T I C M I N E R A L O G Y

X-Ray diffraction analyses (XRD) indicate that the opaque min-
erals observed on the optical microscope are Fe–Ti oxides with
an inverse spinel structure (Fig. 2). Energy-dispersive X-ray spec-
troscopy (EDS) of opaque minerals observed on the optical and
SEM images show high contents of Ti and different amounts of Cr,
Mg and Al, suggesting that opaque mineral are ulvospinel.

The measured IRMs show that dike rocks are fully saturated at
200 mT and that most of the IRM is acquired below 100 mT, which
excludes antiferromagnetic minerals as carriers of the remanence
(Fig. 3). Three-axis demagnetization curves show that most of the
IRM is held in the soft coercivity fraction (<0.1 T), with only some
of the IRM held in the medium coercivity fraction (0.1–0.3 T), and
that unblocking temperatures (Tb) range from 550 to 300◦C (Fig. 4).
These results are consistent with titanomagnetite as the dominant
magnetic carrier of remanence (Lowrie 1990; Roberts & Pillans
1993). Based on the unblocking temperatures, Ti substitution with
respect to Fe in the titanomagnetite lattice of the studied dikes has
been estimated to be 0.4 for AB4 (Tb ∼ 300◦C), 0.2 for AC1 and
AD12 (Tb ∼ 400◦C) and close to 0.0 for dikes AD10 and AD6 (Tb ∼
550◦C). IRM and three-axes stepwise thermal demagnetization were
also investigated across dike profiles and suggest that variations in
the magnetic mineralogy across profiles are negligible (Fig. 4b).

5 P E T RO FA B R I C S O F D I K E S

Thin sections perpendicular to the K2 axis of the AMS fabric were
cut on cores oriented in the field. Overall, they show a fabric sub-
parallel to the dike plane defined by prismatic pyroxene, amphibole,
plagioclase and sanidine phenocrysts and by plagioclase microlites
(Fig. 2). A few thin sections, generally corresponding to dike centres
and to intermediate positions between the centre and the margins,
show a poorly defined, nearly isotropic, fabric under thin section
inspection. Fe–Ti oxides ≥10 μm in diameter are either equant or
skeletal grains and have no preferred orientation (Figs 2b and d).
Dikes with inverse AMS fabric have acicular Fe–Ti oxides (∼10 μm
length and ∼1 μm width) organized in two subfabrics with differ-
ent orientations. One fabric is subparallel to the silicate fabric and
the other is normal to the silicate fabric (Fig. 2d). Amphibole phe-
nocrysts of dike AD12 have equant (≤1 μm diameter) to elongated
Fe–Ti oxides (5–7 μm length and ∼ 2–3 μm width) distributed
along chains separated about 5 μm. The Fe–Ti oxides forming the
chains are ≤1 μm from each other. Chains of Fe–Ti oxides are
typically subparallel to the silicate fabric of AD12 while the elon-
gation of individual Fe–Ti oxides can be normal to the silicate fabric
(Fig. 2f).

5.1 Magnetic fabrics

AARM fabrics with principal axes at an angle ≤20◦ with respect
to the AMS axes are considered as coaxial with the AMS fab-
ric, the angular difference ascribed to instrumental error (AARM



1044 C. Soriano et al.

k1

k1 k1

dike plane

dike plane dike plane

dike plane dike plane

di
ke

 p
la

ne

k1

AD6-96A

AC1-11A AC1-11A

AD10-8D

AD12-9A AD12-9A

k1 k1

Py

Py Py

Py

Pl

Pl

Pl PlPl

Pl

Py

Py

Py

Py(a) (b)

(c)

A

A

Py

Py

Py

Py

(d)

(e)

(f)

Figure 2. Oriented photomicrographs and Scanning Eectron Microscope (SEM) image of the studied dikes. Black bar is the dike plane and arrow is K1 of
the AMS ellipsoid. (a) Dike AD10 (cross-polarized light) with sanidine prismatic phenocrysts (white) oriented sub parallel to the dike plane and to K1. (b)
Dike AD6 (reflected light) with prismatic pyroxene (Py) and plagioclase (Pl) phenocrysts and skeletal Fe-Ti oxides (white). Phenocrysts are subparallel to the
dike plane and normal to K1. (c) Dike AC1 (cross-polarized light) with prismatic plagioclase phenocrysts (Pl), plagioclase microlites and a large pyroxene
phenocryst (Py). Phenocrysts and microlites are subparallel to the dike plane and normal to K1. (d) Dike AC1 (reflected light) showing acicular Fe-Ti oxides
(white) parallel to K1 and normal to the silicate fabric and skeletal to equant Fe-Ti oxides (white). (e) Dike AD12 (plane-polarized light) with prismatic
amphibole (a) and pyroxene (Py) phenocrysts and plagioclase microlites. Phenocrysts and microlites are dominantly subparallel to the dike plane and to K1. (f)
SEM image of the white rectangle on amphibole phenocryst in photomicrograph (e). Fe–Ti oxides (white) have shape anisotropy roughly normal to K1 and are
distributed on amphibole phenocryst forming chains (arrows) subparallel to the dike plane and to K1.



‘Anomalous’ magnetic fabrics of dikes 1045

0 100100 200200 300300 400400 500500

-0.8-0.8

-0.4-0.4

0

0.40.4

0.80.8

AB4-11b

N
or

m
al

iz
ed

 M
ag

ne
tic

 M
om

en
t

Field (mT)

N
or

m
al

iz
ed

 M
ag

ne
tic

 M
om

en
t

N
or

m
a l

iz
ed

 M
ag

ne
tic

 M
om

en
t

Field (mT)

Field (mT)

AD10-5a

AC1-3b

N
or

m
al

iz
ed

 M
ag

ne
tic

 M
om

en
t

Field (mT)

AD6-74a

0 100 200 300 400 500

-0.8

-0.4

0

0.4

0.8

0 100 200 300 400 500

-0.8

-0.4

0

0.4

0.8

0 100 200 300 400 500

-0.8

-0.4

0

0.4

0.8

Figure 3. Acquisition of isothermal remanent magnetization (IRM) of selected samples along dike cross-section profiles.

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 100 200 300 400 500 600

AD12-12B

0.1 T

0.3 T

1.2 T

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 100 200 300 400 500 600

AD12-31A

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 100 200 300 400 500 600

AD12-6C

west margin east margincenter

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 100 200 300 400 500 600

AD10-32A

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 100 200 300 400 500 600

AB4-11B

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 100 200 300 400 500 600

AC1-5A

(a)

(b)

Figure 4. (a) Stepwise thermal demagnetization curves of IRM imparted along three orthogonal axes (1.2, 0.3 and 0.1 T fields) in selected samples of the
studied dikes. (b) Stepwise thermal demagnetization of IRM along cross-section profile of dike AD12.



1046 C. Soriano et al.

N N

N

K1
K2
K3

N N N N

A
M

S
A

A
R

M
NW

Ad10

Interpretation

1.000 1.249Pj

-1

1
T

1.000 1.220Pj

-1

1
T

1.000 1.044Pj

-1

1
T

1.000 1.051Pj

-1

1
T

1.000 1.042Pj

-1

1
T

1.000 1.045Pj

-1

1
T

1.000 1.043Pj

-1

1
T

mean dike
plane

magnetic foliation
plane

intersections of magnetic
foliation planes

magnetic foliation
plane

Horizontal component
of magma flow

N

K1
W EC

K2
K3

Λ Λ

Figure 5. Equal-area lower-hemisphere stereograms of the principal AMS and AARM axes across profile of dike AD10. Diagrams of the corrected anisotropy
degree (P’) versus shape factor (T) are shown for the AMS and the AARM. Interpretation of magma flow is based on the intersection of the magnetic foliation
planes of the AMS (see text for discussion).

analyses have larger errors than AMS) and due to the absence of the
paramagnetic contribution from the magnetic signal in the AARM
measurements (Jackson 1991). Overall, AMS fabrics of all dikes
are well grouped while AARM fabrics are more scattered and the
anisotropy degree is higher for AARM fabrics than for AMS fab-
rics (Figs 5–9). Except AD10 (normal fabric), all the studied dikes
show K1 axes of the AMS at nearly 90◦ to the dike plane (inverse
fabric) in some parts of the dike profile and, in some cases, the AMS
fabric is also asymmetric and scattered (Figs 5–9). The distribution
of closely spaced Fe–Ti oxides along chains subparallel to the sili-
cate fabric of dike AD12 suggest that magnetostatic interactions are
significant in this dike and that distribution anisotropy of Fe-Ti ox-
ides rather than their individual grain anisotropy controls the AMS
(Hargraves et al. 1991; Stephenson 1994; Cañon-Tapia 1996).

Dike AD10 has a normal AMS fabric in which K1 imbricates
on both margins and plunges about 45◦ to the NNE (Fig. 5). K1 of
samples in the intermediate positions between the center and the
margins imbricate too and plunge shallower (∼20◦) to the NNE.
The AMS and AARM fabric ellipsoids are oblate and the AMS
ellipsoid varies across the dike profile, being slightly more oblate
at the margins than at the centre and in the intermediate positions.

AARM axes of samples from the dike margins are well grouped
and parallel to the AMS axes, although K1 axes of AARM do not
imbricate with respect to the dike plane and are about 20◦ steeper
than K1 axes of AMS (Fig. 5).

Dike AB4 has an inverse AMS fabric on both margins while K1

axes are nearly in the dike plane the intermediate positions. The
AMS fabric in the dike centre is quite dispersed (Fig. 6). The AMS
ellipsoid is triaxial in the dike centre and is increasingly prolate
towards the intermediate positions and towards both margins. The
anisotropy degree (P’) is among the highest of the studied dikes and
does not show any clear trend across profile. The AARM fabric in
the east margin and in the intermediate positions is nearly coaxial to
the AMS fabric (Fig. 6). In the east margin, K1 axes of the AARM
are well grouped and subhorizontal, forming an angle of 20◦ with
respect to the subhorizontal K1 axes of the AMS. In the west margin,
K1 axes of AARM are dispersed and closer to the dike plane than
K1 axes of AMS, which are perpendicular to it.

Dike AC1 has an inverse AMS fabric on both margins with K1

at 90o to the dike plane (Fig. 7). In the dike centre and in the
intermediate position between the centre and the west margin, K1

axes of the AMS are distributed on two clusters: three samples are
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Figure 6. Equal-area lower-hemisphere stereograms of the principal AMS and AARM axes across profile of dike AB4. Variation across profile of the corrected
anisotropy degree (P’) and the shape factor (T) is shown for the AMS and diagrams of the corrected anisotropy degree (P’) versus shape factor (T) are shown
for the AARM.

nearly on the dike plane while the other three are perpendicular
to it. In the intermediate position between the centre and the east
margin, K1 axes of AMS form an angle of about 30◦ to the dike
plane. The AMS ellipsoid is dominantly prolate, with the maximum
‘prolateness’ achieved on both margins (Fig. 7). Nevertheless, some
samples of the east margin, the intermediate positions, and the
centre are triaxial and slightly oblate. In the dike centre and the
intermediate positions, the AARM fabric is more dispersed but
roughly coaxial to the AMS fabric. In the east margin, K1 axes of
the AARM are distributed along the dike plane while K1 axes of the
AMS are well grouped and perpendicular to it. In the west margin,
K1 axes of the AARM are closer to the dike plane than K1 axes of
the AMS and form an angle of about 45◦ to K1 axes of the AMS
(Fig. 7).

Dike AD6 has a well-defined flow foliation except in the 20 cm
near the margins, and the dike walls are wavy and irregular (Fig. 1).
The AMS fabric is somewhat scattered on both margins while it
is well grouped and inverse in the rest of the dike profile (Fig. 8).
The AMS ellipsoid of this dike is prolate on average although some
samples are triaxial and oblate. The AARM fabric is somewhat
dispersed. Overall, K1 axes of the AARM are closer to the dike
plane than K1 axes of the AMS and form an angle >50o to the

AMS axes. Nevertheless, a few samples of the AARM have K1

axes forming an angle ≤20◦ to the K1 axes of the AMS and can be
considered as coaxial and parallel (Fig. 8).

Dike AD12 is a segmented dike with an asymmetric AMS fabric
and a well-defined prolate AMS ellipsoid (Fig. 9). Asymmetry of
the AMS fabric consists of K1 axes plunging to the N and NW while
the dike plane dips steeply to the SE. The angular relations between
K1 axes and the dike plane become clearer when data are rotated
to dike coordinates (Fig. 9). K1 is gradually more perpendicular to
the dike plane when moving from the east margin to the dike centre
and to the intermediate position between the centre and the west
margin. In the west margin, K1 forms an angle of about 2◦ to the
dike plane. The AARM fabric is scattered and the shape ellipsoid
is not well-defined (Fig. 9).

5.2 Magma flow features inferred from magnetic fabrics

The AMS fabrics of some of the studied dikes can be interpreted
in terms of magma flow. Dike AD10 allows a straightforward in-
terpretation of the magma flow vector. Because the shape of the
AMS ellipsoid is oblate, we use the plane of the magnetic foliation
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Figure 7. Equal-area lower-hemisphere stereograms of the principal AMS and AARM axes across profile of dike AC1. Diagrams of the corrected anisotropy
degree (P’) versus shape factor (T) are shown for the AMS and the AARM.

as a flow indicator (Geoffroy et al. 2002). The intersections of the
magnetic foliation planes at both margins and at the intermediate
positions are on the dike plane (Fig. 5). The intersection at both
margins plunges steeply to the SSE while the intersection at the in-
termediate positions plunges shallower to the SSW. Hence, magma
flow is directed to the SSW and is shallower at the margins than
in the intermediate positions. Notably, using K1 as flow indicator
would give a different interpretation of the evolution of magma flow
during intrusion: a steeper flow vector would result on the margins
and a shallower one in the intermediate positions (Fig. 5).

Dike AB4 has a dispersed AMS fabric and triaxial ellipsoid in
the dike centre, which can be interpreted as poorly defined shear
in stagnant magma in the dike centre. Dike AD6 has a scattered
AMS fabric on the margins, which may arise from a poorly defined
shear and dispersion of the magma flow vector, an interpretation
reinforced by observations of irregularities of the dike borders and
poorly defined flow foliation close to the margins (Fig. 1).

The AMS of dike AD12 is likely controlled by distribution of
Fe–Ti oxides subparallel to the silicate fabric and regardless of the
cause of the AMS it results from physical rock fabric (Hargraves
et al. 1991; Stephenson 1994). Dike segmentation and asymmetric
AMS fabric of dike AD12 suggest that this dike has been intruded
under shear stress (Correa-Gomes et al. 2001; Féménias et al. 2004;
Soriano et al. 2007; Eriksson et al. 2014). The magma flow vector
and the shear vector resolved on the dike plane during intrusion are
not known. Nevertheless, based on the fabric asymmetry and on
the theoretical models proposed by Correa-Gomes et al. (2001) and

Soriano et al. (2007), the flow vector and the shear vector can be
inferred. Magma flow is oblique and directed upward to the SSW
while the shear vector is clockwise and subparallel to the flow vector
(Fig. 9).

6 D O M A I N S TAT E

Inverse AMS fabrics can be caused by stable single-domain (SSD)
magnetite (Potter & Stephenson 1988), so a first step when inves-
tigating the origin of inverse AMS fabrics is to characterize the
domain state. We investigated the domain state of selected sam-
ples by means of hysteresis experiments (Suppl. file #1). The high
field slope of the hysteresis curves was adjusted by a linear fit and
subtracted in order to remove the paramagnetic contribution and
calculate the hysteresis parameters (Mr, Ms, Hcr and Hc). The co-
ercivity of remanence (Hcr) was also estimated during ‘back field’
IRM acquisition. The ratio of the hysteresis parameters (Mr/Ms
versus Hcr/Hc) was plotted on a Day diagram (Day et al. 1977).

Hysteresis loops characterize stable single-domain (SSD),
pseudo-single-domain (PSD) and multidomain (MD) grain pop-
ulations. A number of hysteresis loops are ‘wasp-waisted’ (dikes
AB4 and AC1 in Suppl. file #1), which can result from combining
two magnetic phases with differences in coercivity or from com-
bining single domain and superparamagnetic (SP) grains (Tauxe
et al. 1996). The ratio of the hysteresis parameters (Mr/Ms versus
Hcr/Hc) plotted in the Day diagram show that most of the samples
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Figure 8. Equal-area lower-hemisphere stereograms of the principal AMS and AARM axes across profile of dike AD6. Diagrams of the corrected anisotropy
degree (P’) versus shape factor (T) are shown for the AMS and the AARM.

fall in the PSD or SSD+MD region and in the SSD+SP region, as
defined by Dunlop (2002) and Dunlop & Carter-Stiglitz (2006).

Samples from dike AD10, the only dike with a normal AMS
fabric, fall in the PSD/SSD+MD region (Fig. 10), displaying the
lowest Mr/Ms ratio and a trend that fits well with the predicted
mixtures of SSD and MD end members (Dunlop & Carter-Stiglitz
2006). Overall, samples from the rest of dikes display a more sub-
horizontal trend than AD10, indicating mixtures of different grain
sizes and proportions of SSD and SP grains (Fig. 10). In particu-
lar, many samples fall in the region defined by Tauxe et al. (1996)
for a log-normal distribution of SSD and SP grains with a SSD/SP
threshold of 15 nm, although many samples also show trends that
fit well with mixtures of SSD and SP grains as small as 8–10 nm
(Dunlop & Carter-Stiglitz 2006). Samples from dike AC1 have the
highest Mr/Ms ratio and the lowest Hcr/Hc ratio, plotting close to
the SSD region (Fig. 10).

6.1 Diagrams of first order reversal curves (FORC’s)

Most of the measured samples fall in the PSD/SSD+MD region and
in the intersection area between this region and the SSD+SP region
of the Day plot, leading to ambiguous domain-state characterization
(Fig. 10). To clarify the domain-state characterization, we studied
the hysteresis properties by measuring FORC’s in selected samples
across dike profiles (Figs 11–13).

The FORC diagram of a sample from the east margin of dike
AD10 (normal fabric) shows outer contours diverging away from

the origin of the FORC diagram and extending along the Hu axis
while inner contours are closed about a central peak at Hc = 70 Oe
(Fig. 11). This type of FORC distribution is characteristic of bi-
modal mixtures of SSD-MD grains, in which the central peak shifts
towards higher coercivity values along the Hc axis and more con-
tours are closed about this central peak as the SSD contribution in
the magnetic signal increases (Roberts et al. 2000; Muxworthy et al.
2005; Carvallo et al. 2006; Kissel et al. 2010). Weak magnetostatic
interactions can be inferred for dike AD10 based on the vertical
spreading of contours along the Hu axis and on the width of the
peak at Hu = 0 in the vertical profile along Hc = 70 Oe (Fig. 11).
The FORC diagram of a sample from AD10 allows characteriza-
tion of the domain state in this dike as a bimodal distribution of
SSD-MD grains rather than a population of PSD grains.

FORC diagrams of samples from all dikes except AD10 have two
peaks, which are also apparent in the horizontal profiles along Hu =
0 (Figs 12 and 13). A peak is centered about the origin of the FORC
diagram and another peak is centred at Hu = 0 and at coercivities
ranging from 70 Oe to 500 Oe. In these FORC diagrams, the peak
about the origin is shifted towards Hu > 0 while the peak at high
coercivity is shifted towards Hu < 0. As a result, the two peaks
are not aligned along Hu = 0 and the overall contours of the FORC
distribution appear slightly tilted clockwise with respect to the origin
(Figs 12 and 13). Most of these FORC diagrams have steep, nearly
vertical, outer contours in the lower half of the FORC distribution
and inner contours of the peak about the origin intersecting the Hu
axis. Shifting of the peaks above and below Hu = 0 has been also
observed in those FORC distributions having just one peak, whether
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Figure 9. Equal-area lower-hemisphere stereograms of the principal AMS and AARM axes across profile of dike AD12. Diagrams of the corrected anisotropy
degree (P’) versus shape factor (T) are shown for the AMS and the AARM. Interpretation of the fabric AMS asymmetry in terms of magma flow and remote
shear resolved on the dike plane is done after rotation of the mean directions of K1 axes to the dike coordinates (see text for discussion).

it is about the origin (AB4-7b in Fig. 12) or at high coercivity (AC1-
34a and AC1-12b in Fig. 12).

FORC diagrams with two peaks at Hu = 0 are characteristic of
SSD-SP mixtures, in which the peak about the origin corresponds
to the SP grains and the peak at higher coercivity corresponds to
the SSD grains (Roberts et al. 2000; Pike et al. 2001). Steep, nearly
vertical, outer contours in the lower half of the FORC distribution
indicates the presence of SP grains, whereas inner contours of the
peak at the origin intersecting the Hu axis has been interpreted as due
to thermal relaxation effects (Roberts et al. 2000; Pike et al. 2001).
Shifting of the peak at high coercivity below Hu = 0 is attributed
to the effects of magnetostatic interactions, whereas shifting of
the peak about the origin above Hu = 0 is attributed to thermal
relaxation effects (Roberts et al. 2000; Pike et al. 2001; Muxworthy
et al. 2004). Hence, clockwise tilting of the FORC distribution is
due to the competition between interaction and thermal relaxation
effects (Pike et al. 2001). In particular, dike AD12 has a two-peak
FORC distribution in which the SP peak is above Hu = 0 and

the SSD peak is below Hu = 0 and magnetostatic interactions
are expected in this dike from the closely spaced distribution of
Fe–Ti oxides along chains subparallel to K1 (Fig. 2F). Overall,
FORC diagrams of dikes with anomalous fabrics can be attributed
to bimodal mixtures of SSD-SP grains.

6.2 Distribution of SSD and SP grains inferred from
FORC diagrams

Horizontal profiles of FORC diagrams with mixtures of SSD-SP
grains suggest that the bimodal distribution of SSD and SP grains
is overlapped (Figs 12 and 13). FORC diagrams of two specimens
drilled within a distance of less than 10 cm from each other on the
east margin of dike AD12 show two peaks (AD12-5 in Fig. 13) and
just a peak about the origin (not shown), suggesting that the bimodal
distribution of SSD and SP grains is overlapped at the scale of the
group of cores on this margin. In addition, FORC diagrams of two
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Figure 10. Day plots of the hysteresis parameters (Mr/Ms versus Hcr/Hc) of samples across dike profiles for each particular dike and for all dikes. The colour
code indicates the position of samples across dike profiles. The approximate trends for dike AD10 and for the rest of the dikes are shown.

specimens drilled within a distance of less than 50 cm in the group
of cores of the intermediate position between the centre and the
west margin of dike AD6 have two peaks, and the high coercivity
peak varies in intensity and coercivity from one sample to the other

(Fig. 13). This feature confirms that the bimodal distribution of
SSD and SP grains is also overlapped at the scale of this group of
cores in AD6. As shown by Pike et al. (2001) for normal-resolution
FORC’s of SSD and SP samples, a secondary peak would have been
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Figure 11. FORC diagram and profiles of the FORC distribution of a sample from of dike AD10. Horizontal profile is performed along Hu = 0 and vertical
profile is located in the FORC diagram. See colour code in Fig. 10 to locate the sample across dike profile.

probably enhanced by high-resolution FORC experiments in those
diagrams with just one peak (AB4-7b, AC1-34a and AC1-12b in
Fig. 12). Nevertheless, the differences of normal-resolution FORC
diagrams across dike profiles arise from the intensity and coercivity
of one of the two peaks and from the lack of one peak. These
differences allow for a qualitative assessment on the contribution
of SSD and SP grains in the bimodal distributions across dike
profile. Hence, SSD grains would be dominant in the centre and
east margin of dike AC1, whereas SP grains would dominate the
bimodal mixture on the west margin of dike AB4 (Fig. 12). The grain
size window upon which SSD and SP grains are overlapped depends
on the particle anisotropy and on the degree of Ti substitution in the
titanomagnetite lattice (Butler & Banerjee 1975; Tauxe et al. 1996;
Dunlop & Carter-Stiglitz 2006). Based on the SSD-SP threshold
estimations in previous studies and on the degree of Ti substitution
observed in the studied dikes (Fig. 4), the grain size window upon
which SSD and SP grains are overlapped can be conservatively
approximated at 10–50 nm (Butler & Banerjee 1975; Tauxe et al.
1996; Dunlop & Carter-Stiglitz 2006).

7 D I S C U S S I O N

The origin of inverse AMS fabrics has been the subject of some
debate. The explanations currently given for inverse fabrics can be
grouped into three types.

(1) Inverse AMS caused by the cyclic rotation of magnetic parti-
cles. Ellipsoidal particles in a viscous fluid undergo cyclic rotation
around the shear plane within the flow (Jeffery 1922). Inverse AMS
fabrics would result from particles oriented perpendicular to the
shear plane when the flow froze (Dragoni et al. 1997; Cañón-Tapia
& Chávez-Álvarez 2004).

(2) Inverse AMS is caused by elongated SSD magnetite. Elon-
gated SSD magnetite has zero susceptibility parallel to the long
axis of the particle and maximum susceptibility perpendicular to it
(Potter & Stephenson 1988). In rocks dominated by elongated SSD
magnetite, it is assumed that the long axes of SSD magnetites are
parallel to the flow and to the dike plane. Hence, the measured AMS
will show K1 axes perpendicular to long axes of SSD magnetites
and to the dike plane. Inverse AMS fabrics due to SSD particles can
be identified by the anisotropy of magnetic remanence (for example
AARM). Elongated SSD magnetite has maximum remanence par-

allel to the long axis of the particle. Therefore, rocks dominated by
elongated SSD magnetite will show K1 axes of the AARM perpen-
dicular to K1 axes of the AMS (Potter & Stephenson 1988; Rochette
et al. 1991).

(3) Other causes of inverse AMS fabrics include a number of
syn- to post-magma emplacement processes, such as late-stage
crystallization of magnetic phases, alteration, post-emplacement
crystallization and tectonic stresses. These processes may yield su-
perimposed fabrics to the flow-related fabric, which is assumed to
be parallel to the dike plane (Walderhaugh 1993; Tauxe et al. 1998;
Rochette, et al. 1999; Raposo and D’Agrella-Filho 2000; Féménias
et al. 2004). Some superimposed fabrics occur during late stages of
magma cooling perpendicular to the external cooling surface of the
magma body (Moore & Lockwood, 1973).

From a geometric point of view, ellipsoidal particles undergo-
ing cyclic rotation in a viscous fluid may orient at any angle with
respect to the shear plane of the flow when the flow freezes (Drag-
oni et al. 1997; Cañón-Tapia & Chávez-Álvarez 2004). However,
experimental and empirical data show that, due to fluid viscosity
and particle interactions, particles tend to align parallel to the shear
plane of the flow and to imbricate at low angles with respect to it
(Ildefonse et al. 1992; Nicolas 1992; Arbaret et al. 1996). Oriented
thin sections of the studied dikes have some microlites and small
crystals in the groundmass at high angles (>60◦) with respect to the
dominant silicate fabric, in particular when the groundmass wraps
around corners of larger phenocrysts. Nevertheless, the statistical
significance of these high-angle particles can be neglected with re-
spect to the dominant fabric at the thin-section scale because most
microlites and small crystals are parallel to the silicate fabric or
imbricate at an angle of less than 30◦ (Fig. 2). Inverse AMS fabrics
of the studied dikes are generally well grouped and correspond to
groups of six specimens drilled within a short distance (<50 cm) of
each other (Figs 1 and 6–9). This means that inverse AMS fabrics
are statistically significant at the scale of each group of cores. The
AMS of the studied dikes is mainly carried by titanomagnetite and
the silicate fabric is assumed to be flow related. Given the statistical
significance of inverse AMS fabrics and that they are perpendicular
to silicate fabrics, it seems unlikely that inverse AMS fabrics of the
studied dikes are caused by the cyclic rotation of titanomagnetite
grains oriented at high angles to the shear plane of the flow when
the magma froze.
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Figure 12. FORC diagrams and profiles of the FORC distributions of samples from dikes AB4 and AC1. Horizontal profile are performed along Hu = 0 and
vertical profiles are located in the FORC diagram. See colour code in Fig. 10 to locate samples across dike profile.

7.1 Domain state controls on inverse AMS fabrics and
AARM fabrics

The stability of magnetic particles in the SSD-SP threshold is prop-
erly described in the Néel theory, which predicts the stability of SSD
particles as a function of thermal activation and particle volume and
that there is a characteristic relaxation time below which SSD par-
ticles are unstable and become superparamagnetic (Nèel 1949). For
a given volume, the relaxation time strongly depends on the shape
anisotropy of the particle (Butler & Banerjee 1975). For example,
ellipsoidal magnetite of 15 nm width relaxes in 10−3 s whereas el-
lipsoidal magnetite of 20 nm width relaxes in 11 d (Tauxe 2010).

Magnetic susceptibility of SSD particles is limited by the shape
anisotropy, whereas the susceptibility of SP particles involves com-
plete rotation of the particles’ magnetic moments (Worm & Jackson
1999). As a result, mixtures of SSD and SP grains dominated by SP
particles will have much higher susceptibility than SSD-dominated
mixtures. Conversely, SSD particles are stable carriers of magnetic
remanence and have much higher susceptibility of the ARM than
SP particles. Empirical data on magnetite in the SSD-SP threshold
of the Tiva Canyon Tuff show a decrease in the magnetic suscepti-
bility and an increase in the susceptibility of the ARM as the domain
state changes up section from SP-dominated to stable SD mixtures
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Figure 13. FORC diagrams and profiles of the FORC distributions of samples from dikes AD6 and AD12. Horizontal profile are performed along Hu = 0 and
vertical profiles are located in the FORC diagram. See colour code in Fig. 10 to locate samples across dike profile.

(Till et al. 2011). Magnetostatic interactions are also known to have
some effects in the ARM and in the stability of magnetic particles
in the SSD-SP threshold (Egli 2006; Muxworthy & Williams 2009).
The remanence of some ellipsoidal magnetites within the SSD-SP

threshold (for example within the 15–20 nm range at a given shape
anisotropy) will be measured in conventional AARM experiments,
displaying maximum susceptibility of the AARM along the long
axis while these particles will likely have maximum susceptibility
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of the AMS along their long axis too. The resultant AMS and
AARM fabrics of samples dominated by this grain size range will
be coaxial and parallel. Overall, the larger the contribution of SP
grains in the bimodal mixture of SSD-SP, the more aligned the
AMS and AARM fabrics will be. Recently, Hrouda & Ježek (2014)
have shown that in the SSD-SP transition not only the susceptibility
depends on the frequency of the applied field but also the AMS
fabric is frequency-dependent. By measuring the AMS at different
frequencies and subtracting the corresponding signal one might be
able to estimate the contribution of SSD and SP grains sizes. It is a
promising method still under development that is on the edge of the
accuracy possibilities of the most sensitive instruments available
(Hrouda & Ježek 2014).

Hysteresis loops, hysteresis parameters and FORC diagrams of
the studied dikes indicate that dikes with inverse AMS fabrics are
dominated by bimodal mixtures of SSD and SP particles with an
overlapped distribution of SSD and SP grains. However, some of
the AARM fabrics across dike profiles do not have K1 axes of the
AARM perpendicular to K1 axes of the AMS, as would be expected
for dikes in which there is a significant contribution of elongated
SSD magnetite (Potter & Stephenson 1988).

Dike AC1 has an inverse AMS fabric in the east margin and
the FORC diagram of sample AD1-12b suggests that SSD grains
dominate the bimodal mixture of SSD and SP grains (Fig. 14).
The K1 axes of the AARM in this margin are distributed along the
dike plane and are perpendicular to K1 axes AMS. This is in good
agreement with inverse AMS caused by elongated SSD magnetite
as predicted by Potter & Stephenson (1988).

However, dike AC1 has an inverse AMS fabric in the west margin
but K1 axes of the AARM are neither perpendicular nor parallel to K1

axes of the AMS but at about an angle of 45◦. The FORC diagram
of sample AC1-1b in this margin is characteristic of a bimodal
mixture of SSD and SP grains (Fig. 14). Dike AB4 has an inverse
AMS fabric in the east margin and a coaxial (parallel) AARM fabric
while the FORC diagram of AB4-5b is characteristic of a bimodal
mixture of SSD and SP (Fig. 15). Hence, it does not indicate an
inverse AMS fabric caused by elongated SSD magnetite. In the
west margin of AB4, K1 axes of the AARM are somewhat dispersed
and closer to the dike plane than K1 axes of the inverse AMS fabric
but the AARM K1 axes are not perpendicular to the AMS K1 axes
as would be expected for inverse AMS caused by elongated SSD
magnetite (Fig. 15). Besides, in this margin the FORC diagram of
AB4-7b suggests that SP grains dominate the bimodal mixture of
SSD and SP grains (Fig. 15). Dike AD6 has an inverse AMS fabric
in the group of samples between the west margin and the dike centre
and K1 axes of the AARM are at about 50◦ to K1 axes of the AMS,
whereas the FORC diagrams of two samples from this group of
cores are characteristic of a bimodal mixture of SSD and SP grains
(Figs 8 and 13).

The former examples showing non-perpendicular AMS and
AARM fabrics suggest that interpretation of inverse AMS fabrics
and AARM fabrics of bimodal mixtures of SSD and SP grains with
overlapped distributions can be complex and that the causes of in-
verse AMS fabrics cannot be explained solely by the contribution
of elongated SSD magnetite.

7.2 Interpretation of inverse AMS fabrics and
AARM fabrics

Dikes AB4 and AC1 illustrate the different combinations of silicate
fabrics, inverse AMS fabrics, AARM fabrics and FORC diagrams

observed in the studied dikes. In our discussion, we assume uniaxial
anisotropy of ferromagnetic grains and use these two dikes as case
studies for the interpretation of dike petrofabrics (Figs 14 and 15).

The secondary peak in FORC distributions of dike AC1 is usually
at higher coercivity than the secondary peak in FORC distributions
of dike AB4 (Fig. 12). In addition, dike AC1 has two FORC distri-
butions with just one peak at high coercivity (east margin and dike
centre) while AB4 has a FORC distribution with just a peak about
the origin (west margin). Hence, SD titanomagnetites seem to be
larger and more stable in dike AC1 than in AB4.

The FORC diagram of a sample from the west margin of dike
AC1 indicates a mixture of SSD-SP grains with a bimodal distri-
bution (Fig. 14). The silicate fabric is parallel to the dike plane
whereas K1 axes of the AARM are at about 45◦ to K1 axes of the
inverse AMS fabrics. In the west margin of AC1, the AMS and
AARM are likely dominated by SD titanomagnetite grains subpar-
allel to the silicate fabric and to the dike plane (Fig. 14). In the
dike centre, the K1 axes of the AMS fabric are distributed on two
clusters, one cluster on the dike plane and the other perpendicular to
it. This two-cluster distribution yields large confidence ellipses and
confidence angles and difficults the interpretation of AMS fabric so
we have focused on the interpretation of the sample measured in
FORC experiments. The FORC distribution of AC1-34a is charac-
teristic of SSD-SP mixtures in which SSD is dominant. The peak
of the FORC distribution has the lowest coercivity value of dike
AC1, which can be interpreted as finer grain size in the dike cen-
tre (Fig. 12). AMS and AARM fabrics for this sample are coaxial
(parallel), which would not be expected in a sample with dominant
SSD grains. A possible interpretation is that a significant propor-
tion SD titanomagnetites in sample AC1-34a correspond to equant
grains with cubic anisotropy rather than elongated grains with uni-
axial anisotropy, which could result in the AMS dominated by the
paramagnetic and SP fractions. In the east margin of AC1, K1 axes
of the AARM are perpendicular to K1 axes of the inverse AMS
fabric and are parallel to the silicate fabric and to the dike plane.
Here, the AMS and AARM are inferred to be dominated by SSD
titanomagnetite grains oriented parallel to the dike plane (Fig. 14).
Overall, the petrofabrics of dike AC1 can be characterized as flow
related.

The FORC diagram of a sample from the east margin of dike AB4
indicates a mixture of SSD-SP grains with a bimodal distribution.
The silicate fabric is parallel to the dike plane whereas the AMS
and AARM fabrics are coaxial (parallel) and perpendicular to the
dike plane (Fig. 15). These features suggest that the AMS fabric is
controlled by SP grains oriented perpendicular to the dike plane that
probably crystallized against the dike wall during magma cooling
after the shear flow of magma had stopped. The FORC diagram of
a sample from the west margin of dike AB4 indicates a mixture of
SSD-SP grains with a bimodal distribution dominated by SP grains
(Fig. 15). In the west margin of AB4, the silicate fabric is parallel
to the dike plane and K1 axes of the AARM are disperse and closer
to the dike plane than K1 axes of the inverse AMS fabric. Here,
the AMS would be controlled by SP grains perpendicular to the
dike plane while the AARM would be controlled by SSD grains of
the mixture oriented in the same way. This is a likely interpretation
considering the large susceptibility and degree of AMS of SP grains
(Worm & Jackson 1999; Hrouda & Ježek 2014). In the intermedi-
ate positions between the dike centre and both margins, the FORC
diagram indicates a mixture of SSD-SP grains with a bimodal distri-
bution, whereas AMS and AARM fabrics are coaxial (parallel) and
parallel to the dike plane and to the silicate fabric (Fig. 15). Here,
the AMS fabric would be controlled by SP grains oriented parallel
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Figure 14. Interpretation of the petrofabrics of dike AC1 based on AMS and AARM fabrics and on FORC distributions (see text).

to the dike plane and the AARM fabric would dominated by SSD
grains of the bimodal mixtures. Overall, the petrofabrics of AB4
can be characterized as flow related except on both margins, where
crystallization of ferromagnetic minerals during cooling took place
against the dike wall once the viscous flow of magma had stopped.
The orientation of these magnetic crystals may be related to nu-
cleation and crystal growth dynamics, if nucleation was near the
cooling surface and growth was perpendicular to that. Such crystal
growth patterns are seen in some dikes elsewhere (e.g. Moore &
Lockwood, 1973).

In rocks with bimodal mixtures of titanomagnetite in the SSD-SP
threshold, K1 axes of the AMS are expected to be coaxial (paral-
lel) with K1 axes of the AARM when SP grains are dominant.
Conversely, K1 axes of the AMS are expected to be coaxial (perpen-
dicular) with K1 axes of the AARM when SSD grains dominate the
bimodal mixture. However, angular differences of 45–50◦ between
K1 axes of the AMS and K1 axes of the AARM has been observed in
some groups of samples and individual samples of the studied dikes
(e.g. west margin of AC1, west margin of AB4, centre and interme-
diate positions of AD6). These angular differences are difficult to
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Figure 15. Interpretation of the petrofabrics of dike AB4 based on AMS and AARM fabrics and on FORC distributions (see text).

explain in terms of stability of SD grains and grain size predomi-
nance in the bimodal mixtures of SSD and SP grains. Although in
rocks with high bulk susceptibilities (>1 × 10−3 SI) like the dikes
studied here the AMS is inferred to be dominated by ferromagnetic
minerals (Rochette et al. 1991; Hrouda 2002), we suggest that the
paramagnetic fraction has played a significant role in the orientation
AMS axes and can explain the angular differences observed. In par-
ticular, skeletal and acicular ulvospinel grains, which are abundant
in the studied dikes and frequently non-parallel to the silicate and
ferromagnetic fabrics, may have contributed to the observed non
coaxiality between AMS and AARM fabrics (Fig. 2). Equant SSD
titanomagnetites with cubic anisotropy may have also enhanced the

paramagnetic and SP contributions in the AMS while having bulk
susceptibilities typical of ferromagnetic minerals.

8 C O N C LU S I O N S

The study of AMS data in dikes allows characterization of magma
flow as derived from the orientation of magnetic fabrics. Mag-
netic foliation parallel or imbricated at low angles against the dike
wall is referred to as normal fabric, and allows straightforward
interpretation of magma flow. Unfortunately, AMS analysis often
yields anomalous results in which the orientation of the magnetic
ellipsoid does not meet the basic requirements for magma flow
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interpretations. A particular type of these anomalous fabrics is the
case of magnetic foliation perpendicular to dike walls, generally
referred to as inverse fabric.

A known source of anomalous fabrics is the peculiar behaviour
of elongated, very fine-grained SSD magnetite. These particles have
their maximum susceptibility axes oriented at right angles with re-
spect to particle elongation, so that the AMS ellipsoid does not rep-
resent the rock fabric. Decoding the contribution of SSD magnetite
to AMS fabrics can be assessed by comparison with the remanence
anisotropy obtained by means of the AARM data. We document
cases of both parallel and perpendicular AMS and AARM ellip-
soids for dikes from rift zones of the Miocene basaltic shield of
Tenerife, Canary Islands. Cases of AARM ellipsoids perpendicular
to AMS ellipsoids clearly indicate the presence of elongated SSD
magnetite particles. Here, magma flow can only be inferred from the
orientation of the AARM ellipsoid. AARM ellipsoids that parallel
the AMS ellipsoids indicate that the magnetic fabric coincides with
the particle fabric. In such cases, an inverse magnetic fabric may
represent post-emplacement in situ crystal growth perpendicular to
dike walls, and therefore unrelated to magma flow.

In dikes dominated by magnetic particles at the SSD-SP thresh-
old, FORC experiments are a useful method to investigate the rela-
tive abundance of SP particles in bimodal mixtures of SSD and SP
grains and the effects on AMS and AARM fabrics. We suggest that
SP particles near the SSD-SP threshold may experience relaxation
times sufficient to retain the magnetic remanence at the time scale
of the laboratory experiments. This fraction of SP particles would
contribute to both the AMS and the AARM data with coaxial distri-
butions of their anisotropy axes, so that the larger the SP fraction is in
the mixture, the greater the similarity will be between the AMS and
AARM fabrics. We also document some cases in which AMS and
AARM ellipsoids are non-coaxial and their respective axes show
angular relations of about 45◦. These cases cannot be explained
by the relative abundance of SP grains in bimodal mixtures and it
is suggested that paramagnetic ulvospinel minerals non-parallel to
the ferromagnetic and silicate fabrics may be responsible for the
observed angular relation between AMS and AARM ellipsoids.

The combination of a number of magnetic experiments like AMS,
AARM and FORC’s may help to understand those magnetic fabrics
currently typified as anomalous and discarded for AMS studies in
terms of magma flow, magma emplacement and magma cooling
processes.
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