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"Department of Sciences, University of Roma Tre, Rome, Italy, King Abdullah University of Science and Technology
(KAUST), Thuwal, Saudi Arabia, *Department of Physics and Geology, University of Perugia, Perugia, Italy, “Laboratoire
des Sciences du Climat et de I'Environnement, CEA, CNRS, UVSQ, Gif-sur-Yvette Cedex, France, *Istituto Nazionale di
Geofisica e Vulcanologia (INGV), Rome, Italy

Abstract Anisotropy of Magnetic Susceptibility (AMS) is a valid tool to investigate magma flow direction
within dikes. However, geometrically inverse magnetic fabric characterized by maximum magnetic
susceptibility axis (kmax) perpendicular to the dike wall may complicate the interpretation of flow
trajectories. To better understand the nature of this fabric, we present a multiscale study on 19 dikes

(383 samples) in the Miocene Alftafjordur volcanic system (Iceland), where 80% of the samples show a
geometrically inverse magnetic fabric. We carried out (1) AMS measurements at different magnetic fields
and temperatures, along with Anisotropy of Anhysteretic Remanent Magnetization (AARM) analysis;

(2) hysteresis loops and FORC diagrams; (3) thin section analysis; (4) structural fieldwork. A variable
Ti-content (0.1 < x < 0.6, Fe5 4TiyO,) titanomagnetite is the main magnetic carrier, and the contribution of
the paramagnetic elongated crystals to the magnetic fabric is negligible. Single domain is not the prevailing
domain state of the magnetic particles, suggesting that its occurrence cannot be the main cause for the
inverse fabric. AMS analysis at different fields and temperatures along with AARM allow us to exclude any
mineral phase change of the titanomagnetite across the dike. Nevertheless, kmax is parallel to a diffuse
horizontal column-like fracture pattern perpendicularly oriented with respect to the dike strike.

This suggests that the Ti-magnetite mineral orientation during dike cooling was affected by the fracture
network progressively developing columnar basalts. This study demonstrates that the interpretation of
AMS data on old and deep volcanic bodies is not straightforward and observations at different scales are
required.

1. Introduction

The Anisotropy of Magnetic Susceptibility analysis (AMS) is a powerful method to study magmatic texture in
both extrusive and intrusive magmatic deposits (Cafion-Tapia, 2004; Knight & Waker, 1988; Ort et al., 2015;
Tarling & Hrouda, 1993, and references therein). The AMS tensor is geometrically described by an ellipsoid
in which the three orthogonal principal axes correspond to the directions where magnetic susceptibility is
maximum (kmax), intermediate (kint), and minimum (kmin), with kmax > kint > kmin (Hrouda, 2011).
The magnetic lineation is identified by the kmax axis, whereas magnetic foliation is represented by the mag-
netic plane perpendicular to the kmin axis. In magmatic rocks, AMS analyses are used to infer flow direc-
tion, as they give access to the average spatial arrangement of the ferromagnetic, paramagnetic, and
diamagnetic mineralogical fractions into the sampled rock. However, the interpretation of AMS results
may not be straightforward, as the formation of late mineralogical phases after emplacement could partially
or totally overprint the original magnetic fabric (Rochette et al., 1999). Consequently, the interpretation of
the AMS results in terms of magmatic trajectories would be altered.

In the last decades, AMS analysis has been widely applied in dikes to infer flow direction and study magma
propagation from source to the surface (Knight & Waker, 1988; Poland et al., 2004; Porreca et al., 2006;
Soriano et al., 2008). The general model assumes that the shape-preferred orientation of ferrimagnetic grains
(e.g., Ti-magnetite) mimics the flow geometry within the dike; that is, the kmax axis is subparallel to the flow
direction, and the magnetic foliation is subparallel to the margins or imbricated close to the dike wall
(Chadima et al., 2009; Geoffroy et al., 2002). This “normal magnetic fabric” has been observed in basalt con-
taining multidomain (MD) and pseudo-single domain (PSD) magnetite grains.
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However, in mafic dikes a magnetic foliation oriented at a high angle (up to orthogonally oriented) with
respect to the dike margins is frequently recognized. This is the case of the so-called “anomalous” fabric that
shows geometrically inverse (kmax and kmin axes are inverted) or intermediate fabric (kmax and kint or
kint and kmin are exchanged). In literature, there are many examples of dike swarms where an important
number of dikes show “anomalous” fabric, such as in Oman (Rochette et al., 1991), Ponta Grossa (Brazil,
Raposo & Ernesto, 1995), East Greenland (Callot et al., 2001), Rio Ceara’-Mirim (Brazil, Archanjo, 2002),
Iceland (Kissel et al., 2010), and Tenerife (Soriano et al., 2008, 2016). In these cases, an “anomalous” fabric
has been identified in up to 58% of the investigated dikes (Archanjo, 2002).

Several complicating factors may be responsible for “anomalous” AMS fabrics. The occurrence of
single-domain (SD) magnetite (Ferré, 2002; Potter & Stephenson, 1988; Rochette et al., 1992), the “distri-
bution anisotropy” of clusters of magnetic grains (Hargraves et al., 1991; Stephenson, 1994),
nonflow-parallel grain alignment by viscous fluid flow (Cafién-tapia & Chévez-Alvarez, 2004; Dragoni
et al., 1997), a secondary overprinting of primary flow fabric due to late cooling (Almgqvist et al., 2012;
Ellwood, 1978; Martin et al., 2019; Mattsson et al., 2011), and the existence of two magma pulses of
different composition (Hrouda et al., 2019) or tectonics (Eriksson et al., 2014; Kusbach et al., 2019; Park
et al., 1988; Soriano et al., 2007) are among the main established processes that may produce such anom-
alous fabric. Additionally, due to the different crystallization timing of the minerals within the dike or to
metasomatism processes, a composite fabric may also be found. In this case, paramagnetic minerals (early
crystallization) are oriented according to the magma flow, whereas ferrimagnetic minerals distribution
(later crystallization) reflects the late-stage emplacement and cooling stresses or postemplacement altera-
tion (Silva et al., 2008, 2014).

In such cases, the reconstruction of the magma flow direction is not straightforward. For this, additional
magnetic and petrographic techniques must be integrated with and compared to the AMS in order to under-
stand the origin of the anomalous fabrics and correctly interpret the AMS data.

Here we show data obtained by a combination of magnetic anisotropy (AMS and AARM), rock magnetic
(hysteresis loops, FORC and Day diagrams, and thermomagnetic curves), petrographic (optical microscope
and SEM), and field analyses performed on the exposed Tertiary Alftafjordur dike swarm in Eastern Iceland
(Eriksson et al., 2014; Paquet et al., 2007; Urbani et al., 2015; Walker, 1960, 1974, and references therein). We
investigated 19 of these dikes, of which only two show a geometrically normal fabric. We analyzed the dikes'
fabric at different scales, from mesoscale (outcrop scale) to microscopic (optical and electronic microscopic
scale) and magnetic scale (magnetic fabric).

We identified variations of magnetic properties within the same dike along with the influence of the fracture
pattern during the cooling stage, demonstrating the difficulties to properly interpret the magnetic fabric in
terms of flow direction. The results of this multidisciplinary approach allowed us to obtain insights on the
origin of the inverse fabric that can be useful in other similar magmatic contexts.

2. Geological Setting and AMS Studies in Icelandic Dikes

The Eastern margin of Iceland exposes the roots of the rift volcanic successions (mainly lava flows) dated up
to 10-12 Ma (K-Ar ages, Moorbath et al., 1968). Recent radiometric dating (K-Ar) of the intruding dikes indi-
cates ages ranging between 9.4 and 10.5 Ma (Kissel et al., 2010), showing that the emplacement of the dikes
shortly followed that of the hosting lava flows. These dikes are related to four volcanic systems (viz.,
Thingmuli, Breiddalur, Alftafjordur, and Reydarfjordur) that are made of basaltic cone sheets (associated
with the central volcano) and rift parallel (NNE-SSW oriented) dike swarms 5-10 km wide and 50 km long
(Gudmundsson, 1995; Paquet et al., 2007; Urbani et al., 2015; Walker, 1974). The outcropping rocks
correspond to a paleo-depth of 1.5 km (Walker, 1960, 1974), even though the lava pile and the intruding
dikes continue below the sea level up to 4-6 km of crustal paleo-depth (Gibson, 1983; Robinson et
al., 1982). The rift parallel dikes are 4-6 m thick on average but decrease in thickness with altitude
(Gudmundsson, 1995; Helgason & Zentilli, 1985; Paquet et al., 2007; Urbani et al., 2015).

To study the magma propagation in such a well-exposed fossil rift zone, the AMS technique has been exten-
sively used as a proxy for magma flow direction since the 1970s. Ellwood (1978) sampled five subvertical
dikes in Eastern Iceland. The AMS results were characterized by clustering the anisotropy axes, with kmax

TRIPPANERA ET AL.

2 of 28



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020306

oriented either perpendicular or parallel to the dike plane. In order to better understand such different orien-
tations of the main magnetic axes with respect to the dike plane, Ellwood (1979) performed another detailed
AMS study of two near-vertical dikes. In this case, the recurrent near-vertical orientation of kmin axes and
horizontal orientations of the kmax axes (perpendicular to the dike margins) were interpreted as evidence of
compaction effects due to downward vertical forces exerted by overlying columns. The data were therefore
related to secondary processes and not considered representative of the original magma emplacement. These
first studies demonstrated that the interpretation of the AMS results of exhumed mafic dikes is not straight-
forward in terms of magma flow directions when post emplacement processes occur.

Craddock et al. (2008) sampled 13 dikes (153 samples) in both eastern and western Iceland, mostly finding
indication for a vertical magma propagation (vertical kmax). However, they highlighted unexpected high
values of magnetic anisotropy degree (up to 34% of samples) and orientations of magnetic lineation (12%
of samples) along with an anomalous AMS fabric in two dikes from Eastern Iceland. They also found two
Ti-magnetite components: one with negligible Ti-content (Tc ~ 580°C) and the other with higher Ti-content
(Tc = 180°C); both in the PSD (Pseudo-Single-Domain) grain size range.

Kissel et al. (2010) sampled 27 basaltic vertical dikes (640 samples) from the Reydarfjordur volcanic system
to the north of Alftafjordur swarm (Eastern Iceland). They identified three types of magnetic fabrics with
well-defined mean principal axes of anisotropy: (1) normal fabric (kmax is vertical and kmin orthogonal
to the dike margins) carried by low Ti-content titanomagnetite crystals, (2) inverse fabric (kmax orthogonal
to the dike margins and kmin is vertical), and (3) mixed fabric (normal fabric at the margins and the inverse
in the center of the dike). The latter is entirely normal after heating the samples at temperatures higher than
400°C. The authors interpreted these two geometrically normal and inverse magnetic fabrics as primary,
representing different physical-chemical conditions during the emplacement of the magma, suggesting a
vertical extrusion of the magma at the depth of the studied sites.

Eriksson et al. (2011, 2014) performed an AMS study on 12 mafic dikes and at the margins of a quartz-rich
composite dike of the Alftafjordur dike swarm. In contrast with previous studies, the authors used kmin
instead of kmax to infer the flow direction. In nine of the dikes, they identified a subhorizontal (e.g.,
35°-64° inclined in the composite dike) northward magmatic flow, directed away from the central volcano.
For the three other dikes they observed a vertical-oriented flow. They suggested that dike propagation in this
type of Icelandic volcanic system originated from shallow crustal magma chambers and that the subhorizon-
tal magnetic lineation was the effect of shear tectonic stress.

On the same swarm, the successive integrated field observations and AMS study by Urbani et al. (2015) high-
lighted prevalent inverse magnetic fabric. Thanks to petro-fabric and other kinematic indicators measured
in the field, the same authors suggested a prevalent vertical magma direction, even if they did not discuss
the origin of this inverse fabric.

These works demonstrate that, based on AMS studies, there is not a unique interpretation of the magmatic
flow directions, also for the same dike swarm (see the case of Alftafjordur). These uncertainties are related to
the diffuse occurrence of inverse magnetic fabric in most of the studied dikes and the evolution of different
fabrics between the margin and the inner part of the dike.

3. Sampling and Methods

We focused on dikes belonging to the fissure swarm of the Alftafjordur volcanic system as described by
Urbani et al. (2015). We sampled a total of 19 dikes at 23 sampling sites along the swarm (Figure 1). The sam-
pling at each site was conducted along a section across the dike with higher sample density at the margins
(same procedure of Kissel et al., 2010). We obtained a total of 383 oriented cores extracting two samples from
most of the cores. Each sampling site has been labeled with a number (e.g., AL09) followed by the number of
the core within the site (e.g., AL0904). When two samples are extracted from the same core, we assigned a
letter for each one (A or B). The final code for each sample includes all this information, for example,
AL0904A. We measured all the samples in order to describe the magnetic fabric across the dikes and also
to investigate the variation of the magnetic properties at the core scale. In order to study the variability of
the magnetic fabric along the strike and the height of the dike, one dike was sampled at four sites, with a
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50-100 m spacing (sites AL0O7, AL08, AL09, and AL10) and another dike at
two sites with different elevation (sites AL14 and AL15). Further details
about sampling are in the supporting information.

3.1. Magnetic Fabric and Rock Magnetic Analysis

Here we describe the aims of each measurement we conducted, while the
details of the applied methods and the used instruments can be found in
the supporting information. Low-field AMS measurements with field
intensity H = 300 A/m were carried out on all the samples using a
KLY3S (see supporting information) in order to reconstruct the fabric
given by all magnetic grains. Normal, inverse, or intermediate magnetic
fabric were identified by comparing the AMS results with the geometry
of the dike margins. In order to test any dependence of the magnetic fabric
on the applied AF peak field (H), AMS and magnetic susceptibility (k)
were also measured at H = 200 A/m and H = 600 A/m (using a MFK1,
see supporting information) on three sites (33 samples) characterized by

Alftafjordur

an inverse magnetic fabric (sites AL14, AL22, and AL27).

Following the approach used by Kissel et al. (2010), AMS was also mea-
sured in two representative normal and inverse fabric samples (site

& Legemt AL27) after heating the samples in zero field at increasingly higher tem-
EN /7 Central Volcano

5 / Dike perature (20, 200, 400, 500, 550, and 580°C) using H = 200 A/m. This tech-

N ® AwmSsite nique was used to detect possible magnetic mineralogical changes upon

heating and to investigate their impact on the magnetic fabric.

To better isolate the contribution of ferromagnetic minerals from that of
the paramagnetic and diamagnetic minerals, we also carried out analyses
of the Anisotropy of Anhysteretic Remanent Magnetization (AARM)

C )
=m ‘ (Chadima et al., 2009; Jackson et al., 1988; McCabe et al., 1985). These

measurements were performed by superimposing a 0.05 mT DC field to

Figure 1. Map of the Alftafjordur dike swarm in Eastern Iceland (see  a 30 mT AF field along the 12 directions in the scheme “A” of the Agico

inset). The orientation of the measured dikes in the field along with loca-
tions of sampling sites for AMS (e.g., AL26) is indicated. See Urbani et

al. (2015) for further details.

LDA-3A AF demagnetiser, equipped with a AMU-1A anhysteretic magne-
tizer. A tumbling AF field of 40 mT was applied before each ARM step.
Eight samples (four samples for the two sites AL09 and AL28) were
selected for AARM analysis. Moreover, the variation of magnetic suscept-
ibility with temperature was analyzed in free air for six selected samples, four from sites with inverse fabric
(sites AL14 and AL28), and two from sites with normal fabric (sites AL14 and 27). This aimed at identifying
and comparing the main magnetic carriers according to their estimated Curie temperatures, in addition to
their magnetic behavior with temperature, for both inverse and normal fabrics. Field dependence of mag-
netic susceptibility (k) in the field range of 2-700 A/m was also measured for nine samples (sites AL14,
AL22, and AL27) characterized by both normal and inverse fabric. The variation of k with the applied field
(kpp) is particularly useful to estimate the Ti-content of titanomagnetite (Chadima et al., 2009; De
Wall, 2000).

In order to characterize the magnetic domain state (single, pseudo-single, and multidomain) giving access to
the magnetic grain size, we performed hysteresis analyses and First Order Reversal Curves (FORCs)
on representative samples, both from normal and inverse fabrics (sites AL14, AL17, and AL27; i.e., Pike
et al., 1999, 2001; Rochette et al., 1992; Roberts et al., 2000). Moreover, the variation of hysteresis parameters
was investigated upon heating in order to determine the thermal distribution and stability of different popu-
lations of magnetic domains (Kissel et al., 2010).

3.2. Petrographic Analysis

Mineral texture and assemblage along with chemical composition of both phenocrysts (e.g., plagioclase and
pyroxene) and opaque minerals (e.g., Ti-Fe oxides) were studied for four representative sites (AL09, AL14,
AL22, and AL27) in 13 thin sections using optical and scanning electron microscope (SEM). The studied
samples are representative of either normal or inverse magnetic fabric. Image analysis focused on
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defining the texture and orientation of phenocrysts, and opaque minerals (magnetic minerals) were used to
investigate the relationships between petro- and magnetic fabric, in a similar approach as used by Bascou
et al. (2005) and Hastie et al. (2011). To do this, we selected samples showing both AMS normal and inverse
fabric that were placed either close to the dike margins or in the central portion of the dikes. The petro-fabric
of the nonopaque grains also gives independent constraints on the magma flow direction because the major
axes of the grains (e.g., phenocrysts) align parallel to the direction of any laminar flow.

3.3. Field Analysis

We measured with a standard magnetic compass (paying attention to minimize the magnetic deviation) the
joint orientations along seven dikes (a total of 11 sites: AL07, AL08, AL09, AL10, AL14, AL15, AL16, AL17,
AL22, AL27, and AL28) and obtained field and drone images of some of them to reconstruct the distribution
of the joints within the dike. These data were then compared to the magnetic results in order to check
whether cooling or tectonic processes could control the AMS fabric. A summary of the samples where multi-
ple analyses have been carried out is shown in Table S1.

4. Results

4.1. Magnetic Fabric

4.1.1. Low-Field AMS

The dikes of the swarm are NNE to NE oriented (Figure 2; mean direction N48°; see Urbani et al., 2015, for
further details). The orientations of the principle axes of magnetic susceptibility are homogeneous, consider-
ing the overall 383 measured samples. In particular, kmax is generally subhorizontal and perpendicular to
the dike swarm (Figure 2a; Dec. N308°, Inc. 8° with 37° and 23° confidence angles, respectively), kint is sub-
horizontal and parallel to the dike swarm (Figure 2b; Dec. N217°, Inc. 6° with 36° and 30° confidence angles,
respectively), whereas kmin is mainly vertical (Figure 2c, Dec. N91°, Inc. 81° with 30° and 24° confidence
angles, respectively). This configuration is commonly defined as geometrically inverse magnetic fabric,
and it is represented by about 80% of the measured samples. The remaining 20% of the samples show inter-
mediate or normal magnetic fabric.

The overall bulk susceptibility (k) is relatively high, ranging from 9.2-107> to 1.6-10" SI with an average
value (kmean) of 6.0-102 SI (Figure 2d and Table 1). The corrected anisotropy degree values (Pj) are also
relatively high and range between 1.0 and 1.6, with most of the samples close to the average value of
1.075 (Figure 2e and Table 1). No relationships are found between the anisotropy degree (P) and bulk sus-
ceptibility (k), as shown in Figure 2d. The shapes of the ellipsoids span through the whole range from oblate
to prolate shapes. Moreover, 10 outlier cores present very high foliation values (F > 1.2) corresponding to
oblate AMS ellipsoids associated with very high anisotropy degrees (Pj > 1.3).

At the site level, the average Pj value is below or equal to 1.1, and only in two sites we observed a higher Pj
(Figure 2f, Table 1). Kmean is around 4-10~2 SI, ranging between 2-10~2 SI and 6-102 SI for most of the sites
(Figure 2g).

Regarding the orientation of the magnetic axes in each single site, different types of magnetic fabric were
observed (Figure S1 and Table 1; Trippanera et al., 2020):

« Two sites with normal fabric: kmax is within the dike plane with different dips and kmin is subhorizontal
and perpendicular to the dike plane (sites AL12 and AL16).

 One site with intermediate fabric: kmax is subhorizontal and kmin subvertical both within the dike plane
(site AL11).

« Four sites with mixed fabric consisting of samples with both normal and inverse fabric across the dike
width (sites AL14, AL23, AL25, and AL27).

« Sixteen sites with inverse fabric: kmax is subhorizontal and perpendicular to the dike plane, kmin either
subvertical or subhorizontal within the dike plane (sites AL07, AL08, AL09, AL10, AL13, AL15, AL17,
AL18, AL19, AL20, AL21, AL22, AL24, AL26, AL28, and AL29).

When the same dike is sampled at different points along the strike (e.g., sites ALO7 to AL10 and AL14 to
ALL15, Table 1), a consistent inverse fabric is observed.
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Figure 2

. Stereoplot (on the lower hemisphere) showing the orientation of (a) kmax), (b) kint, and (c) kmin axes (black dots) obtained from all AMS

measurements with H = 300 A/m. The median value and the relative a 95 confidence ellipse obtained by the Anisoft software (Chadima & Jelinek, 2008) are
also indicated for each axis. The color scale illustrates the density of points (that are the magnetic axes) expressed by using the 1% area method (%value = n(100)/N
where n is the number of points falling within an area of the plot andNis the total number of points) obtained by Stereonet software (Allmendinger et al., 2013;
Cardozo &amp; Allmendinger, 2013). Dike planes are plotted in gray. For each sample is also plotted (d) P versus Km and (e) T versus Pj. Histograms of
median Pj (f) and Km (g) values for each sampled site (Table 1). Histogram bars for multiple sites from the same dike are closer to each other and colored with
dark (sites ALO7, AL08, AL09, and AL10) and light (sites AL15 and AL16) gray.

In the next paragraphs, we report the details of AMS results from four representative dikes characterized by
inverse and mixed fabrics. In each case we show the sampling positions within the dike, the distribution of
the Pj and T along the sampling transect and the equal-area projection of the principal AMS axes (kmax and
kmin). The equal-area projections of the magnetic axis for all sites are reported in Figure S1 and raw data
accessible in Trippanera et al. (2020) (data set repository).

4.1.1.1. Inverse Fabric

Sites AL28 and AL22 are examples of dikes characterized by inverse magnetic fabric.

At site AL28 we drilled eight samples across the dike (Figure 3a). The mean anisotropy degree and kmean
are among the highest of the sampled dikes (highest Pj = 1.262, mean Pj = 1.159; mean, kmean = 7.91-10™>
SI; Figures 2f, 2g, and Table 1). Across the dike, Pj values are lower close to the western margins and higher
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Figure 3. AMS results at sites AL28 and AL22. Picture and sketch of the sampled sites (a) AL28 and (e) AL22 showing the location of each core (red dot) and their
assigned number. Stereoplot (lower hemisphere projection) of kmax and kmin axes obtained by AMS measurements with H = 300 A/m for cores close to the
western (gray) and eastern (black) dike margins and in the dike center (white) at site (b) AL28 and f AL22. When two samples are extracted from the same core,
both of them are plotted. Symbols of the eastern (E) and western (W) dike margins' planes along with the relative poles are indicated at the bottom right of
the stereoplots. Variations of Pj and T across the dike at sites (c-d) AL28 and (g-h) AL22. Symbols' colors are the same as the stereoplot. When two dots are at the
same distance from the dike margin, they represent both specimens obtained from the same core. Light gray background highlights the dike center.

TRIPPANERA ET AL. 8 of 28



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020306

in the inner portion of the dike (Figure 3c). Most of the samples show triaxial ellipsoids (T close to zero,
Figure 3d) with a small scatter of each axis: kmax is subhorizontal and perpendicular to both dike margins;
kmin is vertical in the average dike plane (Figure 3b, Table 1).

At site AL22 the dike margins are well-defined, and the chilled margin is still visible where the host rock
(lava flows) is preserved (i.e., western margin). We drilled nine cores across the dike obtaining a total of
18 samples (Figure 3e). The mean Pj value is similar to the one obtained from most of the sampled dikes
(Pj = 1.062; Figure 2f and Table 1), but kmean is one of the lowest (0.107-10~2 SI; Figure 2g and Table 1).

Across the dike, relatively low Pj values were found for the samples close to the western margin where the
chilled margin is preserved (Figure 3e). The anisotropy degree becomes higher toward the eastern margin
(Table 1; Figure 3g). The shape of the ellipsoids is oblate at the margins (T is positive) and prolate in the inner
part (T is negative, Figure 3h). At the center and at the eastern margin, the kmax axes are subhorizontal and
oriented at a high angle with respect to the dike plane, whereas the kmax dip increases toward the western
margin (Figure 3f). To summarize, the inverse magnetic fabric sites are characterized by high Pj values and
shapes of the ellipsoids varying from moderately oblate to prolate. Moreover, when the chilled margin is pre-
served (e.g., AL22), we may observe a variation in the anisotropy degree from the margin to the center and a
change of the ellipsoid shape from mostly oblate at the margin to mostly prolate in the center (Figure 3h).
This, in some cases, can be also associated with a change in the dip of the kmax axis from subhorizontal
at the center to oblique toward the margin of the dike.

4.1.1.2. Mixed Fabric

Here we provide the two most representative examples of mixed fabric that are the dikes sampled at sites
AL27 and AL14. At site AL27 (Figure 4; see also Urbani et al., 2015, and Figure S6), the western margin
of the dike is well defined by the contact with the host rocks, whereas the opposite margin is not preserved.
We drilled 13 cores (for a total of 26 samples) across the dike among which three (six samples) in the chilled
western margin (Figure 4a). Overall, the mean Pj value is similar to the majority of the sampled dikes (1.083;
Figure 2f and Table 1), but kmean is one of the highest (9.60-10> SI; Figure 2g and Table 1).

The observed magnetic fabrics across the dike can be separated into three groups corresponding to the dif-
ferent positions within the dikes: the western margin (samples 1 to 3), a transitional zone (samples 4 to 6),
and the inner group including the nonpreserved eastern margin (8 to 13). The samples collected close to the
western margin are characterized by low Pj (Pj = 1.020), whereas the samples from the inner part of the dike
are characterized by higher Pj (Pj = 1.124). The “transition” group, between the western margin and the
inner part of the dike, is characterized by intermediate Pj (in yellow in Figure 4c and Table 1).

The T shape parameter indicates the prevalence of oblate ellipsoids for the samples close to the western mar-
gin, and a prevalence of prolate shapes for the other samples. This difference is reflected also in the orienta-
tion of the principal susceptibility axes. In the high Pj samples from the inner part of the dike, kmax is
perpendicular to the dike walls (i.e., inverse fabric), whereas in the low Pj samples of the western margin,
kmax is vertical within the dike plane (i.e., normal fabric). The transition group shows both normal and
inverse fabric, also for different samples from the same core (e.g., core AL2704A and AL2704B).

The dike sampled at the site AL14 shows a well-defined contact with the host-rocks only at the western mar-
gin. We sampled 12 cores across the dike width (for a total of 18 samples; Figure 4e). The overall anisotropy
degree is similar to the majority of the sites (mean Pj = 1.066, Figure 2f and Table 1), though a second site in
the same dike (AL15) shows one of the highest anisotropy degrees (Pj = 1.281). The average susceptibility
kmean (kmean = 5.12-1072 SI) is similar to values measured in most of the dikes and is homogeneous for
both sites of the same dike (AL14 and AL15).

Across the site AL14, two groups of samples can be distinguished on the basis of their magnetic properties.
The samples close to the eastern margin (1 and 2) have higher Pj than the samples from the inner part of the
dike (Figure 4g and Table 1). Most of the AMS ellipsoids are oblate all across the dike with a few triaxial ones
at the center. Differently from the eastern margin, the western one is characterized by triaxial or prolate
ellipsoids (Figures 4g and 4h). As for site AL27, the high Pj samples are characterized by a kmax perpendi-
cular to the dike plane (i.e., inverse fabric), whereas in the low Pj samples the kmax is almost vertical in the
dike plane (i.e., normal fabric) (Figure 4f). For AL14 case most of the normal fabric samples are located in
the central portion of the dike.
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Figure 4. AMS results at sites AL27 (a-d) and AL14 (e-h). Refer to Figure 3for symbology. In dike AL27 the transition
group is indicated in yellow. In dike AL14 samples from the eastern and western margins are in gray and black,
respectively. The dike plane in the stereo plots indicates the mean dike strike.

To summarize, the mixed fabrics are made of a mixture of normal and inverse fabrics depending on the posi-
tion of the samples within the dike (close to the margin or in the inner part). The high Pj samples are typi-
cally associated with inverse magnetic fabric, whereas the relatively low Pj samples have a normal magnetic
fabric. The two examples described in detail here are opposite in their organization, with a normal magnetic
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Figure 5. AMS results obtained at different magnetic fields and after heating to different temperatures for the site AL27. (a) Sketch of the sampling site showing
the location of each core (red dot) with their assigned number. Stereoplot (lower hemisphere projection) of the kmax (squares) and kmin (circles) axes at

different magnetic fields for

cores extracted (b) close to the western dike margin and (c) at the center and at the eastern margin. (d) Stereoplot of AMS analysis at

different temperatures for two selected cores.

fabric at the margin and an inverse fabric at the center in dike AL27, and the opposite in dike AL14. A
transition zone may be also present between the margin and the inner part of the dike, such as at dike AL27.
4.1.2. AMS Variations With Field and Temperature

The results obtained by AMS at different applied fields and temperatures can be summarized examining the
case of dike AL27, where both normal and inverse magnetic fabrics coexist (Figure 5). In this case, we clas-
sified the AMS data obtained at different applied fields in the same three groups as identified with the low-
field experiment (H = 300 A/m), that is, the margin, the transitional zone (Figure 5b), and the inner group
(Figure 5¢). The AMS data obtained at 200 and 600 A/m are very similar to those obtained at 300 A/m, even if
some small angle variations (<10°) in the orientation of the kmax and kmin are recognized for the margin
and transition samples. Regarding the shape parameters (not shown in figure), we observed that the varia-
tion from oblate at the margin to prolate shapes in the inner part of the dike is confirmed also at fields of
200 and 600 A/m.

The same experiment was conducted on the other dike characterized by a mixed fabric (site AL14) and on a

dike with an inverse fabric (site AL22). A general agreement among results obtained from AMS measure-
ments at different fields is also observed for these two sites. In particular, site AL22 shows very well
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clustered kmax and kmin (with kmin less clustered at the dike center) axes confirming the occurrence of the
inverse fabric at all applied fields (Figure S2).

Due to the limited number of samples, AMS was measured after heating at different temperatures for only
two samples of dike AL27 (Figure 5d): one sample from the dike margin showing a normal fabric and one
from the dike center showing an inverse fabric. In the normal fabric sample, kmax remains in the dike plane,
with a significant variation (up to 40°) in its plunge after heating, whereas the kmin remains well clustered
perpendicular to the dike without any plunge variation. In the inverse fabric, kmax remains well clustered
and orthogonally oriented with respect to the dike plane. Kmin is overall well clustered on the dike plane.
Also, the shape of the AMS ellipsoids does not significantly change at different temperatures (not shown
in figure).

In all cases we have therefore not recognized any significant field- or temperature-related variation in the
AMS data, differently from Kissel et al. (2010).

4.1.3. AARM Results

All the samples considered for the AARM analysis are characterized by inverse AMS fabrics (H = 300 A/
m), except for one sample from the margin of dike AL28 (sample AL2801A) characterized by a fabric inter-
mediate between normal and inverse (Figure S3). The AARM ellipsoid axes are not as well grouped as
those of the AMS ellipsoid, but either they continue to show an overall inverse fabric or they change into
a not well-defined fabric with both ARM max and ARM min axes out of the dike plane. Among the eight
analyzed samples, only one (AL0907A) shows a possible change from AMS inverse to AARM normal fab-
ric (the angle between the dike direction and the ARM max is lower and the ARM min is perpendicular to
the dike).

In the case of sample AL2801A, ARM max is horizontal, parallel to the dike plane, therefore still in a normal
fabric configuration. We also observed a general decrease of Pj between the AMS and the AARM at site
AL09, while at site AL28 the most remarkable effect is the inversion of all the shape parameters from oblate
to prolate and vice-versa.

4.2. Rock Magnetism

4.2.1. Thermomagnetic Curves

We measured six k versus temperature (T) curves (Figure 6), selecting samples with both inverse (A1402B,
AL2801A, AL2803A, and AL2806A) and normal fabric (AL1409B and AL2704A). We recognized two types of
susceptibility behavior. The first type is represented by the sample AL2704, showing an almost reversible
heating and cooling temperature cycle. In this case, we observe a gradual increase of the susceptibility up
to ca. 500°C and a strong decrease around 500 and 580°C (Figure 6f). This behavior can be associated with
the presence of magnetite (Fe;0,4) or low-Ti content titanomagnetite (Fe; 4 TixO4 with a Curie temperature
Tc ~ 510°C (TM10, x ~ 0.10) (Dunlop & Ozdemir, 1997).

The rest of the samples show a more complicated thermomagnetic behavior characterized by irreversible
curves. In particular, we observe an increase in the susceptibility at relatively low temperature with a
Hopkinson-type (Hopkinson, 1889) peak between 100 and 250°C. The susceptibility then decreases abruptly
between 250 and 450°C. A second phase is also present and disappears between 450 and 550°C (Figures 6a,
6b, and 6e). Finally, the last decrease of susceptibility is accomplished at 600°C, probably due to the presence
of titano-hematite, possibly resulting from the oxidation of the magnetic phases during heating. This com-
plex thermomagnetic behavior has been prevalently recognized in all inverse fabric samples, as well as in
one normal sample (AL1409B). This type of curve indicates the occurrence of at least two groups of titano-
magnetites with variable Ti content in both normal and inverse samples: the low-temperature decrease of
susceptibility may be linked to Ti-rich magnetites (Fe;4TiyO, with x ~ 0.6; TM60, Dunlop &
Ozdemir, 1997); the high-temperature decrease of susceptibility may be typical for Ti-poor titanomagnetites
(x ~ 0.10, TM10).

4.2.2. Field Dependence of Magnetic Susceptibility

Field dependence of magnetic susceptibility is rather variable from samples of different sites as well as for the
same site and the same core (i.e., AL1411A and AL1411B), testifying important compositional variations also
at the core scale. In fact, the magnetic susceptibility variation (ky4) ranges from 0% up to 11% (Figure S4),
with the maximum value obtained from the inverse fabric sample AL1411B, for which noticeable field
dependence was measured (kg = 11.2%). The variation of kyyq reflects a wide variation of Ti content in
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Figure 6. Thermomagnetic curves for samples from three different sites (AL14, AL27, and AL28) characterized by either
normal or inverse samples. Heating and cooling curves are in red and blue, respectively.
titanomagnetite, as also indicated by thermomagnetic curves, with maximum kyq values typical for Ti-rich
titanomagnetite (Chadima et al., 2009; Hrouda, 2011).
4.2.3. Hysteresis Parameters and FORC Diagrams
We analyzed the hysteresis loops of 10 samples characterized by normal or inverse AMS magnetic fabric and
belonging to three sites (AL14, AL17, and AL27). The ratios Mrs/Ms versus Bcr/Bc were plotted in a Day plot
and compared to theoretical magnetite (Day et al., 1977; Dunlop, 2002; Figure 7a). In the Day plot, the sam-
ples fit quite well the trend lines for a mixture of SD and MD magnetite particles, even if Ti-rich composition
should influence the distribution of points in the plot, especially approaching the SD and MD ends
(Dunlop, 2002). As a general trend, the samples with inverse magnetic fabric show a higher contribution
of MD grains, with respect to the normal ones; thus, it is possible to argue that inverse magnetic fabric is
not connected to the presence or abundance of SD particles.
The FORC diagrams obtained at room temperature for samples AL1402B (inverse) and AL1409B (normal)
highlight magnetic components carried by MD magnetic grains (Roberts et al., 2000) (Figure 7b). In the
sample AL1702A (normal) the double peak suggests the coexistence of MD and SD low coercivity
TRIPPANERA ET AL. 13 of 28
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Figure 7. Hysteresis parameters, obtained at room temperature, reported on (a) bi-logarithmic Day diagrams for 10 samples from three different dikes (AL14,
AL17, and AL27). We distinguished between inverse and normal fabrics by comparing them with standard percentage of MD + SD or SP + SD mixing of
magnetite and titanomagnetite from Dunlop (2002). SD = single domain, PSD = pseudo-single domain, MD = multi domain, SP = super paramagnetic. FORC
diagrams at room temperature for samples from sites (b) AL14, (c) AL17, and (d) AL27 characterized by normal (N) or inverse (I) fabric. The FORC diagrams
are obtained on the basis of 140 curves interpreted using FORCinel software (Harrison & Feinberg, 2008) and a smoothing factor of 4 or 5. Hc = coercitivity;
Hu = magnetic minerals interaction depending on the applied field.

features, while AL1714A (inverse) has PSD characteristics, with the coercivity distribution centered
around 18 mT (Figure 7c).

The cores from dike AL27 show different behaviors. Samples closer to the western margin
(samples AL2701B and AL2703B) show a typical single domain diagram (Figure 7d), with closed contours
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centered at about 30 mT and extending to relatively high coercivity values,
indicating the presence of oxidized/acicular magnetite.

The two samples from the “transition” zone show slightly different dia-
grams, even though belonging to the same core (AL2704). The specimen
AL2704A shows feeble PSD features centered at around 10 mT and
extending up to about 60 mT, while the FROC distribution of specimen
04B is peaked at the origin and extends only to about 25 mT, representing
low coercivity MD grains. The diagrams of samples AL2707B and
AL2713A, from the central part and eastern margin of the dike, respec-
tively, show MD features. Therefore, FORC diagrams for site AL27 possi-

Figure 8. Composition of Fe-oxides measured by using a SEM. The data are

———————Y bly show a magnetic grain size increase from the western and

FeO, Fe,0, well-preserved dike margin toward the center and the eroded eastern

MAGNETITE HAEMATITE margin.

Overall, the observations from FORC diagram indicate that the domain

plotted on a ternary diagram for the Magnetite-Ulvospinel and state of magnetic minerals is mainly PSD, or a combination of SD and
Hematite-Iimenite solutions. All the measurements taken on the acicular ~ MD, considering that the discrimination between PSD and a mixture of

crystals correspond to Ilmenite.

SD and MD is not straightforward with this kind of diagrams (Roberts
et al., 2000).

For eight out of 10 samples, FORC measurements were repeated after heating the samples at different tem-
peratures, up to 580°C. The results (Figures S5 and S6) show that, for six samples, a possible decrease in the
magnetic grain size occurred due to heating (from PSD or MD at 20°C to SD at 580°C). Samples AL2707B
and AL1714A show the most evident changes, moving from MD or PSD toward the SD region in the Day
plots (Figures S5b and Séc).

In summary, the results of magnetic analysis (Table S1) show that the magnetic fabric is linked to the coex-
istence of titanomagnetite solid solutions with different percentages of Ti. The samples generally show a
mixture of different proportions of MD and SD grains, with the exception of the western margin of dike
AL27 (normal fabric) which shows typical SD features. In almost all cases, the magnetic grain size decreases
after heating the sample at high temperatures.

4.3. Petro-Fabric and Image Analysis

4.3.1. Mineral Assemblage

For mineral fabric and assemblage, we investigated five dikes (AL06, AL09, AL14, AL22, and AL27) for a
total of 13 thin sections (Table S1). Textures vary from aphanitic to porphyritic and from medium grained
(e.g., dikes AL09, AL14, and AL27) to fine grained (e.g., dike AL22), even if the dikes show an overall similar
composition (Trippanera et al., 2020). The main mineral phases are plagioclase (An61-51Ab39-49 and minor
albite), clinopyroxene (Wo034En48Fs19-Wo027En38Fs35) and Fe-Ti oxides. Minor iron-rich olivine
(Fo20-Fo66), quartz, calcite, and pyrite are also present (refer to Kretz, 1983, for acronyms). Only in a few
cases some glass has been found in the groundmass for the samples located close to the margins, where a
prevalence of fine grain crystals is also evident.

Fe-Ti oxides are terms of the magnetite-ulvospinel solid solution (i.e., titanomagnetite) and ilmenite
(FeTiO3) crystals (Figure 8). The iron oxides minerals of the magnetite-ulvspinel solid solution range from
Ti-rich titanomagnetite with ulvispinel component up to ca. 60% (called TM60 from hereon), to Ti-poor tita-
nomagnetite with Ti ca. 10-15% (TM10) (Figure 8).

The different Fe-Ti oxides can be easily recognized in the SEM images from their different shape: ilmenite
crystals have a prismatic or acicular morphology, whereas magnetite-ulvspinel crystals have a idiomorphic
cubic or anhedral morphology and are usually associated with clinopyroxene (Figure 9). While crystals of
magnetite-ulvospinel series are present in all thin sections (Figure 9), the frequency of ilmenite acicular crys-
tals is higher in samples located closer to the dike margins where the cooling rate is faster (e.g., AL1402A and
AL2703A) with the exception of sample AL2204A (Figures 9e, 9f, and 9g), located in the dike center
(Figure 3e). However, this sample has a very fine-grained texture compared to the previous dikes and con-
tains some glass as groundmass (Figure 9c) possibly related to relatively rapid cooling.
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Figure 9. SEM images from thin sections on samples: (a) AL2703A (normal fabric, close to the western margin),
(b) AL1409 (inverse fabric from the dike center), (c, e, f, and g) AL2204A (inverse fabric from the dike center).
Plagioclase crystals (Plg) are dark gray color, Clinopyroxene crystals (Cpx) are light gray color, white coarse grains are
titano-magnetite (Mgt), white acicular crystals are Ilmenite (Ilm). Some of the minerals are labeled in the figure as

an example. Characteristic spectrum and tables indicating the amount in weight (Wt%) and mole (Mol%) percentage of
different chemical components in (d) a titanomagnetite and (h) an Ilmenite crystal.

In general, the dikes textural association suggests that magma started crystallizing clinopyroxene and suc-
cessively plagioclase and, during the last stages, titanomagnetite and ilmenite (e.g., Figure 9). With regard
to the magnetite-ulvdspinel solid solution grains, they crystallized as low-Ti and high-Ti members in func-
tion of the cooling rate, as also observed in experimental studies (e.g., Mollo et al., 2013, and references
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therein). All dikes show evidence of weathering with both chemical alteration (altered plagioclase, forma-
tion of chlorite, mica, etc.) and pervasive fracturing intruded by pyrite fluid (e.g., Figure 9g).

4.3.2. Image Analysis

We cut thin sections along the kmax-kmin plane to infer the orientation of crystals in four selected samples
belonging to three dikes (one sample from dike AL22 and two samples from dikes AL14 and AL27). The
SEM images allowed us to isolate and identify the shape and size of all the magnetic crystals (both with high
and low Ti content). In particular, the crystal shape has been approximated to an ellipse enclosing the crystal
itself by using the ImageJ software (Schindelin et al., 2015; https://imagej.nih.gov/ij/index.html). We iden-
tified the major and minor axes of the ellipses and then calculated the orientation of the major axis (see sup-
porting information for further information about the method) and the roundness of each crystal (minor
axis/major axis of the ellipse). Here we present the statistics of the two most representative cases belonging
to the site AL27. The roundness value is mostly focused between 0.4 and 0.7 in samples where there are no or
very few acicular crystals (e.g., samples AL2704B and AL1409A). On the contrary, a peak from 0.1 to 0.2 has
been observed when the sample is rich in acicular or elongated crystals (e.g., samples 2703A in Figures 9a
and 10a and AL2204A in Figure 9e). Overall, the orientation of the magnetic minerals (ellipse major axis
enclosing the crystal) is widely distributed (Figures 10c and 10d). However, if we select only elongated crys-
tals (roundness value <0.25) that are mostly composed by ilmenite crystals, despite some scatter, their orien-
tation focuses on two or three preferred stretching directions, often perpendicular one to the other (e.g.,
samples AL2703A in Figure 10c and AL2204A in Figure 9e). The magnetic axes kmax and kmin deviate
on average 18° + 10° from the directions of the acicular and elongated crystals, but they overall fall within
the range of variability of crystals directions (Figure 10c).

The size of the Fe-bearing magnetic crystals has been taken by considering the maximum and minimum axis
of the ellipses enclosing each crystal. We measured five samples from four different sites (AL09, AL14, AL22,
and AL27) for a total of 28 images at different scales. Overall most of the grains are smaller than 50 pm with
maximum dimensions up to 200 um (with a few exceptions above this size). Below 50 pum, grains mostly
focus around 5 to 30 um (Figure S7). The smaller grain size we are able to observe with SEM images is
around 2 pm.

Optical thin section analysis is suitable to understand the distribution of nonopaque minerals, mostly plagi-
oclase. Despite six out of seven sections parallel to the kmax show well defined nonopaque crystals, only one
sample displays a preferred orientation of plagioclase (AL2703A in Figure 10a, see also Urbani et al., 2015).
In this case, the preferred orientation of the crystals deviates ~30° from kmax.

4.4. Fracture Pattern

In all the investigated sites, we found at least two sets of fractures orthogonal to each other: one set subpar-
allel to the dike margins and one almost orthogonal (a picture of each sampling site is provided in the data
set by Trippanera et al., 2020). Here we report the example of four sites (AL07-08-09-10) belonging to the
same dike but showing a consistent orientation of the fractures (Figure 11a), and the site AL27 in
Figure S8. In particular, site AL10 shows large and continuous subvertical dike parallel fractures spaced
~1up to ~2 m and cutting the dike along its entire length (Figures 11a and 11b). In some places also a chilled
margin can be observed between the fractures. In most of the other sites the dike parallel fractures are less
prominent and shorter (Figure S8). The orthogonal set contains fractures that may or may not affect the
entire cross-section of the dike (Figures 11c, S8a, and S8b). These fractures show different dip, being from
subvertical to subhorizontal, also intersecting each other and forming basaltic columns that are oriented
horizontally and therefore perpendicularly to the dike margins (e.g., Figures 11d, 11e, S8a, and S8c).

5. Discussion
5.1. Origin of Magnetic Fabric in Alftafjordur Dikes

The origin of the geometrically inverse AMS fabric is one of the main controversial topics of the AMS studies,
as it can lead to erroneous interpretations when used for reconstructing magma flow direction (e.g.,
Almgqyvist et al., 2012; Rochette et al., 1999). The occurrence of such anomalous AMS fabrics, mainly in basal-
tic dikes, has been attributed to different origins, as related to the magnetic mineralogy with the prevalence
of SD grains (Potter & Stephenson, 1988), complex magmatic and tectonic processes during or after the dike
emplacement (Khan, 1962; Rochette et al., 1999) or a combination of the two.

TRIPPANERA ET AL.

17 of 28


https://imagej.nih.gov/ij/index.html

~~
AGU Journal of Geophysical Research: Solid Earth 10.1029/2020JB020306

ADVANCING EARTH
AND SPACE SCIENCE

5 )
Al ;
e A | R Y 3o
(C)AL2703A (normal) (d)AL2704B (inverse)
3 g A g RO ‘3 . s i o
' / Lo : ¥ kmax 0 ETR ”f: ¥ ’aﬂp : » -g,_x 50%
B / ¥ <7 w L Tee LA '."‘
A ) : 7 ) 1 0T
..,.,' ‘ﬁ 1] i \‘ - . ‘ ‘ ;" :‘4‘\\ % qgﬁ & ¥
a y L ! 'v. ' ?: ' i o = 2 ‘T
g ‘*\\‘ e " v v A ® il
R " i S DR
. \ Se 909‘\: N 4 - e
(= i - ; ST
% = ,_.:, * 2 L kmax 0° 20 T -
2 ) - S~ <. Rg0.25 200 o by Bow? T
‘ - S WG d{:{‘,_‘ Ak az
"5 - 34 » e
, v i % 5 L oo 1 =
! . 4 i g BN . \ ﬁ-‘t 8
E kmin | Tt iR Y
;,*' - .l |
| iane SR L0
L% ? 0 05 1
x10? = Range
e *a
{ 13
\;_: s— ¢ " R . .\‘._ (V]
"\ . ¢ o
RS 4 BRI 1_
K ', V_l—ﬂ\\‘ . 16 -
ZOOum'} \,V,l, / i 40 0.5 1
s ——" s Range

Figure 10. Image analysis on two thin sections of site AL27. Thin sections have been cut along the plane containing kmax and kmin. Optical microscope images
from thin sections and rose diagrams showing the orientation of the plagioclases in samples (a) AL2703A and (b) AL2704B. Extracted shapes of Fe-oxides (black)
from SEM microscope images, rose diagram, and histogram showing the orientation and the roundness (R) of the Fe-oxides for samples (c) AL2703A and

(d) AL2704B. Roundness is equal to 1 for a circle. For the sample AL2703A we also separately plotted the orientation of elongated crystals (R < 0.25), mostly
ilmenite. Within the rose diagrams we plotted the orientation of the maximum (kmax) and minimum (kmin) magnetic axis obtained by AMS measurements at
H = 300 A/m. The radius of each semicircle corresponds to the frequency indicated in green.

The Alftafjordur dike swarm represents a typical case for further studying the origin of anomalous (i.e.,
inverse and mixed) magnetic fabrics in basaltic dikes. The low field (H = 300 A/m) AMS measurements
on the Alftafjordur dikes, in fact revealed that most of the dikes (80% of samples, Figure 2) show a clear
and well-clustered geometrically inverse AMS fabric (kmax subperpendicular to the dike margin) with a
relatively high value of the anisotropy degree (Pj). In some cases, we also observe a mixed AMS fabric (sensu
Kissel et al., 2010), characterized by the coexistence of inverse and normal (kmax is subparallel to the dike
margin) AMS fabric across the same dike (see dike AL27 and AL14 in Figure 4). In one specific case (site

TRIPPANERA ET AL. 18 of 28



A70 |
Fa\ 4 ¥
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020306

Across strike
fractures

5 Along strike
* discontinuities

dike'wall

— margins
— dike

Figure 11. Fracture pattern within dikes. (a) Orthomosaic obtained by a drone survey at site AL10 and stereonet
showing fracture and margins orientations measured at sites AL07-08-09-10 (same dike). In the insets triangles point
to major across and along strike discontinuities. Picture of (b) the dike top, (c) the sampling site (black circles show the
coring location), (d, e) the dike margin. Some of the major fractures and discontinuities are also highlighted with a
dashed line. Picture location is indicated in Figure 11a.
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AL27) we observe normal AMS fabric in samples close to the dike margin (e.g., samples AL2701 to AL2703,
Figures 3 and 4) with a progressive switch to inverse AMS fabric toward to the dike center (Figure 5; Urbani
et al., 2015).

The multidisciplinary approach (magnetic, petrographic, and field analyses) proposed in this work allows us
to understand the possible origin of the widespread occurrence of inverse AMS fabrics. We first evaluate the
occurrence of the main magnetic carriers (i.e., ferromagnetic minerals) and their magnetic grain size; succes-
sively we discuss also the contribution and the distribution of other paramagnetic minerals (i.e., ilmenite and
silicate minerals).

The results of the k-T curves (Figure 6) and SEM analysis (Figures 8 and 9) suggest that the dikes are char-
acterized by a complex mixture of different magnetic carriers. Rock magnetic and SEM analyses indicate that
titanomagnetites with variable content of Ti are present in the samples, as commonly found in similar mafic
dikes of Iceland (Craddock et al., 2008; Eriksson et al., 2014; Kissel et al., 2010) or other dike swarms
(Borradaile & Gauthier, 2001; Raposo & Ernesto, 1995). These titanomagnetites, that have a size variable
from 2 to 200 um from SEM analysis, coexist with other Fe-Ti oxides such as acicular and elongated ilmenite
(FeTiO3) crystals.

The hysteresis parameters and FORC diagrams indicate that the inverse fabric samples are characterized by
prevailing PSD and MD features; in contrast, a few samples with normal fabric show a SD behavior. These
results indicate that the occurrence of geometrically inverse AMS fabric in the sampled dikes cannot be
explained with the presence of SD grains.

Another aspect to be tested for revealing the origin of the prevalent inverse fabric, when the AMS is mea-
sured at low-field, is to decipher the contributions of the different magnetic carriers to the measured
AMS. For example, Kissel et al. (2010) observed a fabric variation from inverse to normal upon heating
within dikes showing a mixed fabric. The authors interpret this variation due to the oxyexsolution of larger
magnetite grains with high-Ti content and the formation of smaller low-Ti magnetite and ilmenite lamellae
with a magnetic axis parallel to the dike margins. To test this, we performed AMS measurements of selected
samples varying both the temperature (from ambient temperature to 580°C) and the applied magnetic field
(200 and 600 A/m; Chadima et al., 2009). Differently from Kissel et al. (2010) and with the exception of a few
samples, we do not observe any systematic variation of the magnetic axis orientation with various magnetic
fields or temperatures (Figures 5 and S2). The same behavior is also observed with the AARM analysis
(Figure S3), suggesting that the influence of the paramagnetic minerals (e.g., silicate matrix and ilmenite)
in our AMS analysis is negligible and the AMS is mainly representative of ferromagnetic minerals. This is
consistent with the high mean value of the bulk magnetic susceptibility k (e.g., Caiién-Tapia, 2004, and
references therein) and magnetic anisotropy degree Pj in all the inverse fabric samples (Table 1 and
Figure 2b).

Moreover, SEM analysis on thin sections parallel to the kmax direction revealed that the acicular ilmenite
crystals occur mostly in normal (AL2703A) and, less frequently, in inverse fabric (AL2204A) samples. In
addition, when present, ilmenite grains can be either parallel or perpendicular to the maximum susceptibil-
ity axis (Figure 10c) in the same specimen. This variable orientation would have scattered the magnetic axis
orientation, whereas AMS results show that kmax and kmin are usually very well grouped in all sites
(Figure S1 and database by Trippanera et al., 2020). We conclude that even though ilmenite crystals may
have a minor influence on the magnetic fabric, they are not the main cause of the systematic inverse fabric
found in all the dikes.

Contrary to ilmenite, titanomagnetite grains with variable Ti-content were observed in all thin sections
(Figure 10b). Titanomagnetites do not apparently show any systematic elongation or preferred orientation
and are often associated with clinopyroxene grains (Figures 9e-9g) testifying a coeval growth during cooling.
Recent experimental studies (e.g., Mollo et al., 2011, 2013) demonstrated that a coarse-grained subeuhedral
shape titanomagnetite is indicative of a relatively low cooling rate (0.5°C/min, Mollo et al., 2013), as
expected for the central part of the dike. The analysis of the distribution of plagioclase crystals (having an
elongated shape) in thin sections shows that they are rarely iso-oriented. Therefore, this is an additional rea-
son to exclude that plagioclase network (paramagnetic), which formed during the early phases of crystalli-
zation (cf. Mattsson et al., 2011), may influence the AMS. However, we found a good example of
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plagioclase iso-orientation from the margin of the site AL27 (sample AL2703A), where the crystals are
almost subparallel to kmax (Figure 10a). From the three cores at the margin of dike AL27 a well-defined nor-
mal fabric has been identified by using the AMS analysis and the presence of SD grains has been revealed in
two samples (Figure 7b), potentially leading to a misinterpretation of the reason of magnetic axis orientation.
In this case, the plagioclase orientation is useful to confirm that the magnetic fabric in the margin of AL27
dike is a reliable indicator of the magma flow during the dike emplacement (Urbani et al., 2015). Contrary to
classical expectations (e.g., Chadima et al., 2009), this dike shows a general magnetic grain size increase from
the margin (SD domain) to the dike center (MD to PSD domain), that oppositely correlates with the AMS
fabric, changing from normal at the margin to inverse at the dike center (Figure 7). This change in the mag-
netic and physical properties of rocks also corresponds to a major discontinuity along the dike (Figures 4a
and S8) between a strongly foliated fabric, parallel to the dike margin, and a visually homogeneous rock with
subhorizontal cooling joints oriented orthogonally to the dike margins.

In summary, the insignificant presence of SD particles in inverse AMS samples, the overall high value of the
anisotropy degree, the scarce iso-orientation of both plagioclase and ilmenite along with the fact that ilme-
nite crystals are not present in all samples suggest that the main magnetic carrier is PSD or SD + MD tita-
nomagnetite, which is ubiquitous throughout the dikes. The mineralogical compositional data together
with the results of thermomagnetic curves and the field dependence of magnetic susceptibility further con-
firm that the titanomagnetites are characterized by a variable Ti-content (0.1 < x < 0.6, Fe; 4Ti;O,).

5.2. Implications on the History of Exhumed Dikes

Our AMS results are consistent with those obtained along the same dike swarm (Eriksson et al., 2014) and
from the Reydarfjordur dike swarm to the north of Alftafjordur (Kissel et al., 2010), where an anomalous
AMS fabric or a prevalence of inverse AMS fabrics has been also observed. According to Kissel et al. (2010)
both normal and inverse AMS fabric are primary fabrics carried by titanomagnetite grains, reflecting differ-
ent physico-chemical conditions during the emplacement of the magma. Also, in the Alftafjordur dike
swarm, the main magnetic carriers are titanomagnetites but, differently from Kissel et al. (2010), we do
not observe any clear change in the physico-chemical properties of the titanomagnetite across the dikes.

Eriksson et al. (2014) interpreted the anomalous AMS fabric as the effect of tectonic shear during magma
emplacement based on the agreement between the fracture pattern at the margins of the dikes and the shear
stress affecting the area during the rift evolution. However, their observations focused on selected dikes with
kmax parallel to the dike margins, whereas the majority of our measurements show well clustered kmax
subperpendicular to the dike margins. Moreover, besides the fractures on the host rocks close to the dike
margins, our analysis highlights that dikes are also strongly affected by a pervasive fracturation over their
entire width and length.

Another aspect to take into account is the possibility that the flow within a dike can be turbulent or transi-
tional to a laminar regime for pressure values greater than 10 MPa, corresponding to a depth higher than
300 m (Lanzafame et al., 2017). These emplacement conditions could apply to the Alftafjordur dike swarm,
since the actual surface, where the sampling has been carried out, corresponds to a paleodepth of 1 to 1.5 km
(e.g., Walker, 1974), where the pressure could have reached more than 20 MPa (Lanzafame et al., 2017). It
may also happen that at the dike margins, due to the higher friction and faster cooling, the flow slows down
creating the conditions for a locally laminar flow while the dike center is still under turbulent or nonlaminar
conditions. Additionally, turbulence or nonlaminar flow conditions may also be created by several other
local factors, such as magma propagation within irregular fractures (Gudmundsson, 1983; Kissel et
al., 2010), stiffness contrasts in the country rocks (e.g., Geshi et al., 2012; Gudmundsson, 2002;
Gudmundsson & Loetveit, 2005; Gudmundsson & Philipp, 2006), and compositional zonation (Eriksson
et al., 2011; Hrouda et al., 2019). Even though the latter phenomena may affect the orientation of the mag-
netic crystals and therefore the overall AMS results, we can exclude any influence of peculiar local dike con-
ditions thanks to the sampling strategy: in the sampling sites the dikes do not show any of above-mentioned
conditions. Moreover, the consistency of AMS results, showing inverse fabric in the same dike sampled in
different locations (e.g., sites AL07-08-09-10), and even more the fact that the entire dike swarm shows
the same magnetic principal axes behavior, strongly suggests that the inverse fabric cannot be related to ran-
dom local conditions within the dike or in the host rocks. Moreover, for a nonlaminar flow, we would expect
a scatter on the magnetic axis orientations. A nonlaminar flow, on one hand, could explain the lack of
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iso-orientation of the plagioclase in almost all the samples (e.g., Figure 10b), but on the other hand, it would
be in contrast with the well clustered magnetic axes shown by our AMS data. We therefore suggest that the
flow conditions within the dike are not the primary cause of the inverse fabric.

An additional issue is the possible occurrence of composite fabric due to metasomatism processes (Silva
et al., 2008) or different crystallization timing of the mineral assemblage (Silva et al., 2014). In these cases,
the paramagnetic mineral orientations may reflect the primary magma flow in the dike, whereas the orien-
tation of magnetic minerals in the matrix is affected by the late stage of cooling. However, field observations
on the whole dike swarms of Eastern Iceland (e.g., Eriksson et al., 2011, 2014; Kissel et al., 2010; Paquet
et al., 2007; Urbani et al., 2015; this study) along with our thin sections’ analysis do not highlight any diffuse
metasomatism process affecting the dike swarms. Moreover, the composite fabric is associated with a
reduced grain size due to the exsolution of magnetic minerals. This promotes the presence of SD magnetic
grains associated with the inverse fabric (Silva et al., 2008). In our dikes where AMS analyses show inverse
fabric, we did not observe a predominant presence of SD grains or typical oxidation-exsolution textures asso-
ciated with oxidation/metasomatic processes nor the presence of massive secondary minerals assemblage
(like chlorite, sphene, and calcite). Additionally, in thin sections, we did not observe any noncoaxial ferro-
magnetic and paramagnetic fabric (e.g., Silva et al., 2014) potentially highlighting a composite fabric. If this
would have happened, paramagnetic minerals (e.g., plagioclase) should have been aligned according to the
primary flow. On the contrary, magnetic minerals should have a different orientation, reflecting the second-
ary and later stage of dike cooling. This can be possible only at the side of the dike AL27, where we observed
a combination of preferred orientation of the paramagnetic minerals and SD magnetic grains. This may sug-
gest that the smaller magnetic grains in the matrix are orthogonal to the dike wall, whereas the plagioclase
crystals (paramagnetic) are parallel to it, in agreement with a possible primary magma flow. This may
explain why we surprisingly observed SD grains in a normal fabric setting. Finally, if noncoaxial fabric
occurs between the phenocrysts and the matrix, we cannot investigate it since the matrix grain size would
be smaller than the microscope resolution (0.2 um).

Our field analysis highlighted that the fracture pattern of all dikes is characterized by at least two sets of
major fractures: one set subparallel to the dike margins and one almost orthogonal to them. The orthogonal
fractures define basaltic columns oriented horizontally and perpendicularly to the dike margins (e.g.,
Figures 11 and S8; Ellwood, 1979). This suggests that, similarly to the columnar basalts, the formation of
the orthogonal fracture pattern is primarily due to the dike cooling, whereas the dike parallel fractures could
be also related to different velocities of the magma flow (especially close to the dike margins) or by multiple
phases of magma intrusion (subparallel one to the other) along the same path or tectonic shear planes
(Eriksson et al., 2014). Additional effects of the tectonic strain and successive weathering of the exposed
rocks could also have contributed to this extensive fracture formation.

Interestingly, comparing the directions of kmax and kmin with the orientation of the fracture sets within the
dikes, we found that the magnetic principal axes may be parallel to at least one of the sets (Figure 12). In
particular, where the magnetic fabric is normal (e.g., site AL16), kmax is parallel to the subvertical fractures
(i.e., parallel to the dike orientation), but in dikes showing an inverse fabric, kmax is parallel to the fractures
trend which is orthogonal to the dike margins (e.g., sites AL07, 08, 09, 10, and AL28) and therefore parallel to
the long axis of the columns (Figure 12). This is similar to what was observed in the columnar basaltic lava,
where the long magnetic axis is subvertically oriented and parallel to the long axis of the columns, possibly in
response to the cooling joint formation and to the induced internal flow within the column during the late
cooling stage (Almgqvist et al., 2012; Hrouda et al., 2015; Mattsson et al., 2011).

We propose a different model for the response of the magnetic fabric for dikes emplaced close to the surface
and those which cooled at depth. When a dike is close to the surface the cooling can be very fast, allowing the
magma to rapidly “freeze,” while the magma overpressure is driving the magma upward. Therefore, it is
likely that the magnetic minerals would be imbricated according to the magmatic flow directions and that,
consequently, the AMS fabric would reflect the real flow direction through the whole thickness of the dike.
In this case, kmax is parallel to the main flow and to dike margins (Figure 13a). In contrast, at higher depth
in the subsurface (depth >1 km), the cooling history could be completely different and characterized by
more complex cooling rate gradient and viscosity (see also Silva et al., 2010). In particular, the cooling rate
of deep dikes can be faster close to the margin and slower in the dike center, especially if the dike thickness is
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Figure 12. Comparison between the fracture pattern measured in the field and the magnetic axes obtained by AMS measurements with H = 300 A/m for 11 sites.
Data from sites AL07-08-09-10 and AL14-15 are plotted together since they belong to the same dike. (Left column) Stereonets showing the orientation of the
dike, of the fractures and of the magnetic axis. (Central column) Densities of the fractures’ poles (see caption of Figure 2 for the method) compared to the dike pole
and the magnetic axes orientation. Each letter indicates a set of fractures. (Right column) 3-D schematic view showing the geometric relationships among the
dike margin (red), each set of fracture (gray) and the magnetic axes (black solid and dashed lines).

quite large, as for the Iceland dike swarms (e.g., Urbani et al., 2015). These conditions allow the development
of dike-orthogonal cooling joints propagating from the margin to the inner portion of the dike, in a similar
manner to the columnar joints on thick lava flows (Figure 13a). We suggest that, similarly to what happens
in the columnar joint case (Almqvist et al., 2012; Mattsson et al., 2011), the joints' propagation and the
progressive slower cooling may generate a secondary magma migration during the cooling stage of deep
dikes. This late magmatic adjustment can drive the late crystallization and the preferred alignment of
coarse grained titanomagnetites (Figure 13b). In this case, the magnetic crystals will be oriented parallel
to the long axis of the column (therefore perpendicularly to the dike margins), and AMS shows a
systematic inverse geometric fabric all over the dike length (Figure 13). If the margin of the dike is
affected by fast cooling and high shear the normal geometric fabric may be preserved (Figure 13a).

Moreover, within dikes cooled at subsurface, when the magmatic pressure (directed upward) decreases and
the cooling phase begins, the weight of the overburden solidifying magma may induce an additional litho-
static stress downward directed and linearly increasing with depth. This stress, perpendicularly oriented
to the secondary flow, may also enhance the subhorizontal and dike-orthogonal melt migration that along
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Figure 13. (a) Schematic illustration of the geometric magnetic fabric in a dike close to the surface and at depth > 1 km.
Close to the surface, where a rapid cooling occurs the magnetic minerals (yellow lines) reflect the flow within the

dike and AMS show an overall normal geometric fabric (the circle represents the schema of the AMS result). At depth,
the cooling rate is slower and subhorizontal cooling joints develop, leading to a geometric inverse AMS fabric.
Occasionally the magnetic minerals can reflect the flow direction at the dike margins where the shear and the cooling
rate are higher. Vertical dimension is not to scale. (b) Illustration of progressive cooling and relative isotherms

during the formation of subhorizontal cooling joints in a deep dike (after Mattsson et al., 2011). The crack propagation
into the dike increases the steepness of the isotherms affecting the orientation of the magnetite crystals. Blue and red
arrows indicate the overburden load and magma input respectively.

with cooling joints development helps to constrain the orientation and alignment of coarser grained
titanomagnetites, forming at lower cooling rates (Mollo et al., 2013).

The coexistence of dike parallel and dike orthogonal or oblique fractures can also explain the occurrence of
normal and inverse AMS fabric within the same dike (as for example at sites AL14 and AL17) without obser-
ving any consistent mineral phase change or prevalence of SD grains (Figure 7a).

Overall, in this work we demonstrated that the interpretation of the magnetic fabric is not always straight-
forward and can be even trickier for an old and extensive dike swarm such as those cropping out in Eastern
Iceland. Despite several authors attempted to interpret the flow directions in Eastern Iceland ending up with
a vertical or oblique propagation of the flow, the full understanding of the emplacement process and magma
flow direction always required additional data to the low-field AMS analysis. Indeed, a simple low-field AMS
analysis can be misleading, and additional observations from the macroscale (fracture at the outcrop scale)
to the microscale (e.g., thin section analysis) are usually needed for old and exhumed dike swarms.

6. Conclusions

In this work we performed AMS analysis on 19 dikes belonging to the fissure swarm of the Alftafjourdur vol-
canic system (in Eastern Iceland), and then we investigated the origin of the geometrically inverse magnetic
fabric by using a multiscale and multidisciplinary approach. We obtained the following:
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1. Low field AMS measurements (H = 300 A/m) show a geometrically inverse magnetic fabric (kmax per-
pendicular to the dike margins) in almost all dikes (80% out of 383 samples). This fabric is also consistent
with AMS measurements on selected cores performed at different magnetic fields (H = 200 and 600 A/m)
and after heating (up to 580°C), suggesting that the data were not influenced by the coexistence of differ-
ent mineralogic phases.

2. Hysteresis parameters, FORC and AARM measurements exclude the prevailing occurrence of SD grains
in inverse samples, suggesting that they are not the carriers of the inverse AMS fabric. We found prevail-
ing SD grains in only two samples, located at the dike margin, but showing a normal AMS fabric.
However, in this margin, the magnetic fabric is also consistent with the well-organized orientation of
the plagioclase minerals.

3. Thermomagnetic curves and SEM thin section analyses revealed the presence of two main types of Fe-
oxides: acicular paramagnetic ilmenite (more frequent close to the margins) and ubiquitous ferrimag-
netic titanomagnetite, characterized by a variable Ti-content (0.1 < x < 0.6). The high values of the mag-
netic susceptibility, along with the fact that ilmenite crystals are not iso-oriented and not present in all
inverse AMS samples, suggest that the magnetic fabric is carried by titanomagnetite in a broad grain size
range. Thin sections suggest a range with size of 2 to 200 pm.

4. All dikes are intensely fractured, with sets of fractures mostly orthogonal to the dike margins isolating
horizontal basaltic columns formed during the cooling stage of the dike. Since kmax is parallel to this
orthogonal fracture pattern, we suggest that the distribution of the coarse grain magnetite is controlled
by the dike cooling stage and aligns parallel to the horizontal basaltic columns due to the weight of
the overburden magma and the internal flow (relaxation phase) in the basaltic columns with a mechan-
ism similar to the columnar basalts. This seems to be the most likely mechanism to explain the occur-
rence of systematic geometrically inverse magnetic fabric in the old and deep dikes in Eastern Iceland.
These features (columnar joints and related inverse fabric) are more common with deeper dikes.

Data Availability Statement

The raw data about AMS and AARM analysis along with the images of all thin sections and Day Plot data are
accessible in Trippanera et al. (2020) (data set repository: http://pmd.gfz-potsdam.de/panmetaworks/
review/d461b042d9f9f2ce0aa768be33166caf7b3e109ca3cla66673678b6f66c02a12/).
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