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Introduction  

This supporting information provides 8 additional figures and one table to support the 

main text along with details about the methods used. The set of figures contains the results 

of magnetic and thin sections analyses (magnetic grain size estimate) along with additional 

images from the field (site AL27) and a table with a summary of all analyses carried out in 

this work for selected samples. Magnetic analyses consist of Anisotropy of Magnetic 

Susceptibility (AMS) measurements at different fields for several sampled sites, FORC 

diagrams and Day Plots at different temperatures for samples shown in Figure 7 of the 

main text and fields variation measurements.  
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Figure SM1. Results of the AMS analysis with H = 300 A/m  for each sampling site. In 

each plot the 95% confidence ellipse is also indicated for kmax (red), kint (green) and 

kmin (blue). Sites are grouped in different coloured boxes according to the overall 

geometry of the fabric: normal (k min is perpendicular to the dike plane and kmin-kint 

are parallel to the dike plane) in the black box, anomalous (both kmax and kmin are 

parallel to the dike plane) in the blue box, mixed(presence of both normal and inverse 

cores) in the green box, inverse (kmax is perpendicular to the dike plane) in the red box. 

Raw data are available in Trippanera et al., 2020 (data repository). 
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Figure SM2. Sketch with core location and stereoplot of kmax and kmin axes obtained 

by AMS measurements at different magnetic fields for selected cores at sites AL14 (a-b-

c) and AL22 (d-e-f). 
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Figure SM3. Comparison of results obtained from AMS and AARM analyses for selected 

cores from sites AL09 and AL28. The results are illustrated by the stereo plots for the 

orientations of kmax and kmin axes and by the diagrams P versus Km (bulk 

susceptibility) and T versus P for the average shapes of the AARM ellipsoids (see 

appendix for further explanation of P, km, T). In the stereonet, the great circle (and the 

relative pole) indicates the dike plane.  
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Figure SM4. Field dependence of 9 samples in the range of 2-700 A/m. The variation of 

k (see Appendix for further details) is reported for all the samples. 
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Figure SM5. (a) FORC diagrams obtained after heating at different temperatures (from 

20 ⁰C to 580 ⁰C), (b) evolution of the hysteresis parameters upon heating reported on a 

Day Plot (Day et al., 1977), (c) sample location within the site sketch. 
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Figure SM6. (a) FORC diagrams obtained after heating at different temperatures for 

sites (a) AL14 and (b) AL17. (c) Evolution of the hysteresis parameters upon heating 

reported on a Day Plot (Day et al., 1977) for samples in a and b. 
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Figure SM7. Dimension analysis of iron oxides. The analysis has been carried on SEM 

images (where the iron oxides are white) of different thin sections belonging to sampling 

sites (a) AL09, (b) AL14, (c) AL22, (d-e) AL27. The zoom level through which the images 

have been acquired is reported in each analysis. Every iron oxide grain has been isolated 

and enclosed within a fitting ellipse (see the example in f). For each site we report a 

scatterplot showing the dimensions of the major and minor axis of each ellipse and the 

frequency histogram of the ellipses’ major axis dimensions. For both diagrams the insets 

show the data enclosed in the gray area. (f) example of a SEM image (left) from which 

we isolated the iron oxides (in white, centre) that are then enclosed in fitting ellipses 

(right). 
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Figure SM8. Drone images of dike AL27. (a) View from above, (b) sampling site from 

above (samples are highlighted with a red circle and the relative number), (c) side view. 

Picture point of views are indicated in Fig. SM8a. The pictures show the fracture network 

forming horizontal basaltic columns similarly to the vertical columns which form in the 

columnar basalts. Note the darker highly magnetized zone in which the samples 

AL2701-02-03, showing a normal geometric fabric, have been cored. 
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AARM Thin sections

variable T (20 to 580 °C)

AC=200-300 A/m AC=600 A/m AC=423 A/m

AL0902A inverse oblique/inverse

AL0904A inverse oblique/inverse

AL0907A inverse normal

AL0909 inverse 2

AL0911A inverse inverse

AL1401A inverse 1

AL1402A inverse 1

AL1402B inverse 195-435 435-530 565-585 MD PSD

AL1403A inverse inverse

AL1404B normal normal

AL1405A oblique oblique

AL1406A normal normal

AL1407 oblique/normal oblique/normal

AL1408A normal normal

AL1409A normal 2

AL1409B normal 140-275 370-520 550-590 MD PSD

AL1410A oblique/normal oblique/normal

AL1411A oblique/intermediate oblique/intermediate

AL1411B inverse inverse

AL1412B inverse normal

AL1702A normal PSD PSD

AL1714A inverse PSD SD

AL1904A 1

AL2201A inverse inverse/oblique

AL2202A inverse inverse

AL2203A inverse inverse

AL2204A inverse 2

AL2205A inverse inverse

AL2206A inverse inverse

AL2206B inverse inverse

AL2207A inverse inverse

AL2208A inverse inverse

AL2209A inverse inverse

AL2209B inverse inverse

AL2701A normal normal

AL2701B normal normal (migration) SD

AL2702A normal normal

AL2703A normal 2

AL2703B normal SD SD

AL2704A normal 470-580 PSD PSD

AL2704B inverse PSD PSD 1

AL2705A oblique/inverse inverse

AL2705B inverse 1

AL2706A inverse inverse

AL2707A inverse inverse

AL2707B inverse inverse MD SD

AL2708A inverse inverse

AL2708B inverse inverse

AL2709A inverse inverse

AL2709B inverse inverse

AL27010A inverse inverse

AL27011A inverse inverse

AL27012A inverse inverse

AL2713A inverse PSD

AL27013B inverse inverse

AL2801A normal intermediate 275-380 430-550 570-600

AL2803A inverse inverse 200-420 420-550 575-610

AL2806A inverse inverse 125-455 455-525 525-600

AL2808A inverse/oblique normal/oblique

580°C

SAMPLE
40 mT AF and 30 mT + 

0.5 m

Tc1 range 

(°C)

Tc2 range 

(°C)
20 °C

constant T (20°C)

AMS FORC

Tc3 range 

(°C)

Thermomagnetic
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Table SM1. List of samples in which multiple analysis have been carried out. We 

indicated: 1) the sample code; 2) the geometric magnetic fabric (as described in the text) 

obtained from low field, high field and different temperature AMS and AARM. For 

oblique/inverse is intended a fabric where kmax and kmin are not on the dike plane but 

the fabric is closer to be inverse than normal (kmax closer to the dike pole compared to 

kmin). For inverse/oblique we indicated an inverse fabric with kmax and kmin (or kmax 

for normal/oblique) that are not exactly perpendicular and parallel respectively to the 

dike margins; 3) the range (drop in the magnetization curve) of Curie Temperature (Tc1, 

Tc2, Tc3) extracted from the thermomagnetic curves; 4) the magnetic domain (SD: single 

domain, PSD: pseudo-single domain or a mix of MD+SD, MD: multi domain) at room 

temperature and at > 550 °C interpreted from FORC analysis; 5) the number of thin 

sections. 
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Details on methods 1 

 2 

Field analysis 3 

 4 

The field analysis was performed in July 2019 where the strike and dip of the joints along the dikes was measured 5 

with a compass according to the right-hand rule (RHR). Moreover, a drone survey was performed using a Phantom 6 

4 drone on the exposures of the selected dikes.  Repeated flights were performed along overlapping stripes at 7 

different altitudes (between 2 and 10 m above ground level).  Three pairs of ground control points, located with a 8 

GPS, were used to improve the geo-referencing of the processed image mosaics of each surveyed area. The 9 

control points of each pair were placed at a fixed distance of 5 m. The collected images were then processed and 10 

orthorectified to obtain high-resolution (<1 cm/pixel) map view mosaics using Agisoft™ Photoscan software. Both 11 

the drone and the software license were provided by the King Abdullah University of Science and Technology 12 

(KAUST).  13 

 14 

Sampling 15 

 16 

Samples have been collected with a gasoline powered portable drill obtaining standard paleomagnetic cylindrical 17 

cores (2.5 cm in diameter) with variable heights (8 to 12 cm). All the drill cores were oriented with magnetic and 18 

sun compasses to correct the measurements avoiding errors due to the magnetic declination. Each core has been 19 

cut with an electric saw each yielding 3 to 5 samples 2.2 cm in height and 2.5 cm in diameter.  20 

 21 

Anisotropy of Magnetic Susceptibility (AMS)  22 

 23 

The analysis of the Anisotropy of Magnetic Susceptibility (AMS) is a quick method to get information on the 24 

preferential orientation of magnetic grains in rocks. This technique involves the measurement of the magnetic 25 

susceptibility “k” defined by the vectorial ratio:     k=M/H           (1) 26 

Where M is the induced magnetization and H is the magnetic field. 27 

AMS is defined by a second rank symmetric tensor and is represented by an ellipsoid with three principal axes 28 

kmax > kint > kmin. The degree of anisotropy and the shape of AMS ellipsoids are described by several parameters 29 

such as: 30 

- Mean susceptibility, kmean = (kmax + kint + kmin / 3)              (2); 31 

- Shape parameter (Jelinek, 1981), T = [2(ln(kint) - ln(kmin)) / (ln(kmax) - ln(kmin)) -1]    (3) 32 

which varies from -1 (perfectly prolate ellipsoid) to +1 (perfectly oblate ellipsoid);  33 

-Corrected anisotropy degree (Jelinek, 1981),  34 

Pj= exp {2[(ln(kmax)−ln(km))2+((ln(kint)−ln(km))2+((ln(kmin)−ln(km))2]}1/2                    (3), (4)); 35 

- Magnetic lineation, L = (kmax  / kint)                                               (4) 36 

corresponding to the kmax direction;  37 

- Magnetic foliation F = (kint / kmin)                           (5) 38 
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corresponding to the plane normal to the kmin; 39 

 40 

 41 

The low-field (300 A/m) AMS of each specimen was measured with a KLY-3S Kappabridge at the Paleomagnetic 42 

Laboratory of the University of Roma Tre (Italy). The measurements at magnetic field intensities of 200 and 600 43 

A/m were performed with a multi-frequency MFK1 Kappabridge. Similar to the bulk susceptibility variation at 44 

increasing applied fields, the AMS data acquired with H=600 A/m may allow to separate the magnetic fabric carried 45 

by the ferromagnetic minerals from the whole rock fabric (Jackson et al., 1998). Low-field AMS (200 A/m) was 46 

measured for three samples representative of the AL27 site after heating at different steps (200, 400, 500, 550, 47 

580°C). These measurements were performed at the Laboratory of Paleomagnetism of the Istituto di Geofisica e 48 

Vulcanologia (INGV), Rome. All the measurements were processed and interpreted using Anisoft 4.2 software 49 

(Chadima and Jelinek, 2009) plotting the results in equi-areal Schmidt’s projection (lower hemisphere).  50 

 51 

Magnetic mineralogy (Thermomagnetic curves, Hysteresis and FORCs) 52 

 53 

The thermomagnetic curves were obtained using small amounts of powdered samples (grain size < 0.5 mm)  from 54 

three dikes (AL09, AL14, AL27), representative of different types of magnetic fabric. The samples were heated in 55 

free air by a water-cooled furnace (CS-3) coupled with Kappabridge KLY-3S at the Laboratory of Paleomagnetism 56 

of the University of Roma Tre and INGV. The susceptibility (k) was measured by means of a heating/cooling cycle 57 

at intervals of 2°C from room temperature up to a maximum temperature of 700°C and back to 20°C. We took the 58 

abrupt onset of a susceptibility drop as indicative of the dominant Curie temperature. 59 

The study of the magnetic grain size according to the magnetic domain state was carried out by application of two 60 

different techniques on 10 samples, representative of different magnetic fabric. Hysteresis loops were conducted 61 

between -1 and +1 T and provided the remanent saturation magnetization (Mrs), the saturation magnetization (Ms) 62 

and the coercive force (Hc) after correction for the paramagnetic slope (calculated from the last 30% of the cycle) 63 

Remanent coercive force (Hcr) was determined from the remanence experiment, applying progressive backfield 64 

after a new saturation at +1 T. The magnetization and force ratios were used to investigate the presence of Single-65 

Domain (SD), Multi-Domain (MD) or PseudoSingle-Domain (PSD) grains in a “Day Plot” (Day et al., 1977). The 66 

second technique was the “First Order Reversal Curves” (FORC) diagrams (Roberts et al., 2000; Pike et al., 2001), 67 

providing joint information on the distributions of the magnetostatic interactions and coercivities in the samples. 68 

For further details on the method see Roberts et al. (2000) and (Pike et al., 2001).  69 

The FORC were constructed with 140 individual curves using a Princeton Measurements Corporation alternating 70 

gradient magnetometer (AGM2900). The averaging time is 150 ms and the field increment ranges between 1.2 71 

and 1.5mT depending on the Hc range. Data were processed and diagrams constructed with the FORCinel 72 

software, version 1.19 (Harrison and Feinberg, 2008). For selected samples, the variability of FORCs and 73 

hysteresis parameters was investigated upon heating in order to determine the thermal distribution and stability of 74 

different populations of magnetic domains following the same approach of Kissel et al. (2010). The samples were 75 
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stepwise heated and cooled down together with the samples used for AMS. After each step they were then all 76 

measured at room temperature. 77 

This allowed us to assess the thermal changes in magnetic mineralogy and grain size. All the measurements were 78 

performed at the Laboratoire des Sciences du Climat et de l'Environnement (Gif-sur-Yvette, France).  79 

Field dependence of susceptibility (k) in the field (H) range of 2–700 A/m was measured using an Agico Multi-80 

function Kappabridge, MFK1, of the Laboratory of Paleomagnetism of the Istituto di Geofisica e Vulcanologia 81 

(INGV) of Rome. In order to quantify the magnitude of the variation of k, a parameter kHD in per cent, is calculated 82 

following the approach of De Wall (2000) as: 83 

kHD[%] = [(k300 A/m - k30 A/m)/k300 A/m] x 100 where k300 A/m is the susceptibility measured in the field of respective 84 

amplitude expressed in A/m. 85 

 86 

Petrographic and image analyses 87 

 88 

Petro-fabric and Scanning electron microscope (SEM) analysis were performed in a total of 20 thin sections cut 89 

along the plane containing kmax and kmin and orthogonally to this plane (i.e. the plane counting kint). 90 

To calculate the preferred orientation of opaque (Fe and Ti oxides) and non-opaque grains (mainly plagioclase) 91 

on selected sections we extracted the crystal shapes from SEM images. We filtered the images in order to enhance 92 

and isolate both the mineral species by using Photoshop and ImageJ software or contouring the minerals by hand 93 

when needed. This allowed us to obtain black and white images in which the opaque and non-opaque grains 94 

boundaries are isolated from each section. All the images were then processed using ImageJ software (Schindelin 95 

et al., 2015), to determine the orientation of each grain. The orientation angles have been plotted by using a rose 96 

diagram method on Matlab ® software. 97 


