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Abstract
Magnetic fabrics are commonly studied to understand the magma flow in volcanic 
and hypovolcanic settings. In this work we present a magnetic fabric study in the 
Sierra de Javalambre (SE Iberian Chain), a geological unit that includes a swarm 
of Mesozoic volcanic intrusive and extrusive bodies associated with a hotspot and 
extensional deformation in Eastern Iberia during the Mesozoic. The sill sampled in 
this work is constituted by alkaline dolerites (ocean island basalts, OIB composition) 
and is a part of more than a hundred outcrops emplaced in Upper Triassic (Keuper 
facies) diapiric units and Jurassic limestones. The presence of Ti-poor titanomagnet-
ite in the studied hypovolcanic rocks is inferred from temperature-dependent mag-
netic susceptibility curves and also from analyses of the three components isother-
mal remanent magnetization (IRM), since the decay of the magnetic susceptibility 
and the soft axis (0.12 mT) of the IRM occurs at 580°C. The magnetic susceptibility 
shows high values, in average 17554 × 10–6. The anisotropy of the magnetic suscep-
tibility shows some dispersion of the maximum and intermediate axes on the bed-
ding plane, whereas the minimum axes are clustered almost perpendicular to the 
bedding plane for the 158 standard analyzed samples. The magnetic lineation (clus-
tering of the maximum axes of the anisotropy of magnetic susceptibility) is bimodal 
with WNW-ESE and NNE-SSW directions in the in-phase magnetic susceptibility, 
and can be interpreted as the flow direction of the magma controlled by the NW–SE 
and N-S extensional fault systems during the basinal (Jurassic) stage.
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1  Introduction

Magnetic fabric in igneous rocks has been used to infer the magma flow, particularly in 
cases where the magma source is eroded, in order to infer the position of such magma 
foci. This is the case for example of the study of the volcaniclastic deposits ejected 
by ancient volcanoes that at present are not easy to locate, as in the Late Carbonif-
erous-Permian volcaniclastic series in the Pyrenees (Simón-Muzás et al., 2022) or in 
other cases where the magmatic source does not crop out, such as dykes or sills. Many 
studies have been carried out in dykes and lava flows to understand on one hand the 
position of the magma source, and on the other hand the development of “anomalous” 
magnetic fabrics, which are magnetic fabrics where the magnetic axes of the magnetic 
ellipsoid do not follow the main structural planes, such as the dyke planes or deposi-
tional surfaces in lavas (when present) (Cañón-Tapia, 2004; Cañón-Tapia et al., 1997; 
Cañón-Tapia and Pinkerton, 2000; Das and Malik, 2020; Gil-Imaz et al., 2012; Raposo, 
1997; Simón-Muzás et al., 2023; Soriano et al., 2016 among many others). In addi-
tion, the anisotropy of magnetic susceptibility (AMS) has been also used to disentangle 
flow-induced shear in lavas when the magma source and lavas are preserved (Cabal-
lero-Miranda et al., 2016). Sills have been also studied using AMS as a tool to deci-
pher the flow dynamics and magma migration in the upper crust. In these studies the 
influence of thermal contraction has been observed to affect the magnetic fabric (Gil-
Imaz et al., 2006; Hrouda et al., 2015). Therefore, authors recommend caution in the 
solely use of AMS to infer magma flow, because regional trends may differ from the 
ones obtained in different portions of the sill depending on the sill geometry (Hoyer 
and Hasstie, 2022). In some sills magnetic fabrics are described as highly variable over 
small distances, and it is interpreted as due to horizontal flow restriction within grow-
ing sills (Martin et al., 2019). In other investigations AMS is also compared to other 
proxies of flow, such as the shape preferred orientation (SPO) of plagioclase crystals, or 
intrusive steps and magma lobes (Ferré et al., 2002; Hoyer and Watkeys, 2017). How-
ever, more homogeneous orientation of magnetic lineations (ca NW or SE) indicating 
magma flows in dolerite sills and dykes have also been obtained (Elming and Mattsson, 
2001 and references therein).

Our interest in a small section of the Mesozoic dolerite sills in the Javalambre Sierra 
of the SE Iberian Chain (NE Spain) is to decipher the orientation-distribution of miner-
als obtained by the AMS or magnetic fabric, and their relationship to the Mesozoic rift-
ing episodes in the Iberian Basin. The magnetic fabric analyses go hand in hand with 
standard rock magnetic analyses to decipher the main carrier(s) of the magnetic fabric. 
Optical microscopy observations and X-Ray diffraction analyses were also conducted 
in few samples to better constrain the mineralogical phases and their distribution.

2 � Geological Setting

The studied alkaline dolerites form part of a significant igneous system whose 
importance in terms of the geodynamic evolution of the Iberian plate and the 
western Tethys has been underlined in previous works (Cortés, 2020, 2023; 
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Lago-San José et  al., 2000; Ortí-Cabo and Vaquer-Navarro, 1980). These well-
known outcrops are located in the SE Iberian Chain, in the Javalambre Sierra, 
near the Camarena de la Sierra village (~ 2 km SE of the village).

The volcanic and subvolcanic rocks that form this igneous system are inter-
bedded within the Triassic and Jurassic units of the Iberian Chain, an intraplate 
range resulting from the Alpine (mainly Paleogene) inversion of the Mesozoic 
intracratonic Iberian Basin. The geometry and structural trend of the intracratonic 
rift system are partly inherited from Variscan structures (Aurell et al., 2019; De 
Vicente and Vegas, 2009; Liesa et al., 2018). The Mesozoic rifting is divided in 
two main phases: the first stage is related to the deposition of Permian and Tri-
assic units and the second major phase of tectonic subsidence occurred during 
the Late Jurassic—Early Cretaceous (García-Lasanta et al., 2015; Martín-Martín 
et al., 2013 and references therein). This second rifting phase in the Iberian Basin 
coincides with the rift propagation from the Middle Atlantic towards the north 
and the opening of the Bay of Biscay (Ziegler, 1990). During the same period, the 
opening of the Tethys Ocean resulted in an heterogeneously distributed stretch-
ing which in turn generated a constantly thinned domain in the Iberian Intraplate 
realm, where “coeval rift-related deformation and rift-drift transitions migrated 
significantly along space and time” (Aurell et  al., 2019; García-Lasanta et  al., 
2016 and references therein).

The volcanic, subvolcanic and volcaniclastic materials of the SE Iberian Chain 
interbedded within the Pliensbachian to Toarcian sediments, which were deposited 
in shallow marine platforms (Cortés, 2020; Valenzuela-Ríos et al., 1996). The ages 
of intrusions have been constrained between the Pliensbachian (Early Jurassic) and 
the Bajocian (Middle Jurassic), within a period of circa 20 Ma (Cortés, 2023). Igne-
ous outcrops occur along the Caudiel and Alcublas fault zones, that are linked to 
NW–SE faults (Gómez and Fernández-López, 2006; Ortí-Cabo and Vaquer-Nav-
arro, 1980). In fact, these faults have been interpreted from the alignment of vol-
canic, subvolcanic and volcaniclastic materials and differences in thickness of the 
sedimentary sequences. A maximum subsidence has been proposed during the Early 
Jurassic, at least in the Alcublas fault zone (Ortí-Cabo and Vaquer-Navarro, 1980).

The post-rift evolution of this sector of the basin is pinpointed by the formation 
of folds and thrusts with different orientations during the Cenozoic tectonic inver-
sion, from N-S to NE-SW and NW–SE (De Vicente et  al., 2009; García-Lasanta 
et al., 2016; Liesa et al., 2018; Nebot Miralles and Guimerà, 2016).

Some of the NW–SE Jurassic and probably Triassic faults (Ortí-Cabo and Vaquer-
Navarro, 1980) played a relevant role during the Mesozoic evolution of the area, 
particularly, the ATMU (Alto Tajo-Montes Universales) fault system with NW–SE 
orientation, parallel to the Caudiel and Alcublas fault zones (Fig. 1). The sedimento-
logical record indicates that the activity of the ATMU fault during the Jurassic sepa-
rates the area where shallow marine carbonates (west of the ATMU system) occur 
from the open marine sediments (east of the ATMU fault system) accumulated. The 
Landete-Teruel (LT) Fault, belonging to the fault system almost perpendicular to the 
former one (NE-SW orientation) was active from the mid-Kimmeridgian onwards 
and also affects the sedimentological environment during the Mesozoic, control-
ling the western extension of the marine sedimentation area (Aurell et al., 2019 and 
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references therein), the rupture of the shallow platform and the compartmentaliza-
tion of the basin since the Late Jurassic onwards.

In relation with the more recent tectonic evolution, the outcrop sampled in this 
work (Fig. 1) is located on the eastern margin of the Teruel basin, which is an asym-
metric N-S graben formed during Miocene times (Anadón et al., 2004; De Vicente 
et al., 2009; Ezquerro et al., 2012) and also conditioned by inherited structures, that 
were re-activated during this stage. Regarding the geochemical information of the 
igneous rocks in the Valacloche-Camarena area, studied in this work, Lago San José 

Fig. 1   Geological map with the location of the sampled outcrop in the SE Iberian Chain. Modified from 
Liesa et al. (2018); Aurell et al. (2019); Cortés (2023); De Vicente et al. (2009)
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et al. (2000) determined that the samples are relatively evolved alkali basalts with a 
compositional pattern similar to a  typical OIB (ocean island basalt). In the Cama-
rena de la Sierra area, dolerites show a more evolved geochemical composition 
respect to the Valacloche area (~ 4 km to the NW of Camarena area). Some fluidality 
structures are seen at the top of the sills, which also have crustal enclaves (prevail-
ing those with compositions from the upper crust). The absence of high temperature 
metamorphism indicates, together with the fluidality structures, subvolcanic condi-
tions for the emplacement of the sills. This magmatism (considered as Triassic, pre-
Hettangian, by these authors and Jurassic by the above-mentioned ones) is exposed 
in more than a hundred outcrops within seven areas (some of them linked to salt 
tectonics (Ortí-Cabo and Vaquer-Navarro, 1980) in the Iberian Chain (see Fig. 1b in 
Lago San José et al., 2000).

3 � Methods

The sampled outcrop is a sill dolerite, along ~ 50-m section along the road TE-34, 
2 km to the SE of Camarena de la Sierra village (Teruel, Spain). A total of 35 cores 
were drilled with a gasoline powered drill machine (distributed in three sites), 
refrigerated with water. Besides, five oriented hand samples were taken (one in IS-1, 
two in IS-2 and two in IS-3). Cores were oriented with a clinometer. A total of 101 
standard cylinder samples of about 10 cm3 were cut with a double saw machine in 
the laboratory and 57 cubic samples of about 8 cm3 were cut from the five oriented 
hand samples (10 cubic samples in IS-1 around IS-1 10 core, 12 cubic samples from 
IS-2A, 14 cubic samples from IS-2B, 12 cubic samples from IS-3A and nine cubic 
samples from IS-3B). The AMS was measured in a KLY5 Kappabridge using the 
3D rotator (1 position) and the standard rotator (3 positions) under a peak field of 
400 A m–1 and an operating frequency of 1220 Hz, at room temperature at the Uni-
versity of Zaragoza. The KLY5 susceptometer (AGICO Inc.), also allows to extract 
the out-of-phase magnetic susceptibility, in addition to the standard in-phase mag-
netic susceptibility information. The phase angle (δ), is obtained as tan� = k�∕k

�� , 
where k′ and k′′ are the ipMS (in-phase magnetic susceptibility) and opMS (out-of-
phase magnetic susceptibility) components, respectively. It is recommended for the 
phase angle to be higher than 1° and also it is necessary to know the origin of the 
opAMS, i.e., to determine whether it is due to viscous relaxation, eddy currents, or 
weak field hysteresis (Hrouda et al., 2022). The Anisoft 5 software (Chadima et al., 
2020) was used to visualize and compute the AMS parameters and orientation of the 
magnetic ellipsoid.

The anisotropy of magnetic susceptibility is a second rank tensor represented by 
an ellipsoid. Different parameters are used to describe the shape, degree of anisot-
ropy and orientation of the axes of the ellipsoid. The more common parameters are 
the corrected anisotropy degree (Pj) and the shape parameter T, given as
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where n1 = ln�max , n2 = ln�int , n3 = ln�min , and nm =
(

n1 + n2 + n3
)

∕3 . The shape 
parameter varies from 0 to 1 in oblate ellipsoids and from –1 to 0 in prolate ellip-
soids (Jelínek, 1981). The orientation of the three axes of the ellipsoid is analyzed 
considering the main structural surfaces, in this case the bedding plane.

Six samples were cooled down immersed in liquid nitrogen (~ 77 K) and meas-
ured manually in 15 positions in the KLY3 susceptometer (AGICO Inc.) following 
the procedure of Lüneburg et al. (1999). This procedure allows to estimate the car-
rier of the susceptibility. A perfect paramagnetic material will show an increase in 
the magnetic susceptibility at low temperature (77 K) by a factor of 3.8 with respect 
to the room-temperature value (Parés and van der Pluijm, 2002, 2014). Thermomag-
netic curves of the temperature dependent magnetic susceptibility were analyzed in 
10 samples from room temperature to 700°C. In two of these samples, a  heating 
curve from –190°C to room temperature was also analyzed in the KLY3-CS and 
KLY3-CL instruments, in argon atmosphere. The Cureval 8 software (Hrouda, 2003; 
Chadima and Hrouda, 2009) was used to visualize and analyze the reversibility and 
the paramagnetic fraction present. Furthermore, Hrouda (2003) proposed a method 
for assessing the alteration of volcanic rocks. We use the A40 and Amax parameters, 
defined as:

where k40 is the magnetic susceptibility at  40 °C on the cooling curve, and K40 is 
the magnetic susceptibility at  40 °C on the heating curve. In the case of Amax, the 
maximum difference between values measured temperature on the cooling and 
heating curves is considered. Nine samples were thermally demagnetized as pilot 
samples. In other five samples, the “Lowrie test”, or three-components test of iso-
thermal remanent magnetization (IRM), applying three different magnetic fields, 
1.9, 0.4 and 0.12 T along three different axes of a sample, and thermally demagnet-
izing the sample, was performed (Lowrie, 1990). These analyses were carried out 
at the Paleomagnetic Laboratory of the University of Burgos (Spain) with a TD-48 
dual-chamber thermal demagnetizer (ASC Scientific), a JR-6 spinner magnetometer 
(AGICO Inc.) and a pulse magnetizer M2T-1 (Ferronato). From these parameters, 
the Köenigsberger (1938) ratio Q, was calculated according to its definition as the 
ratio of the natural remanent magnetization (MR or NRM) to the induced magnetiza-
tion (MI) in the Earth’s field

where κ is the bulk volume susceptibility and H0 is the ambient magnetic field 
intensity.

Furthermore, paleomagnetic components were obtained during the demagnetiza-
tion. In spite of the bad quality of the result, they have produced some constraints on 
the age of these rocks (or rather of the acquisition of magnetization) using the inter-
section of the demagnetization great circles. The results of the pilot thermal demag-
netization procedure of nine samples are shown in the supplementary material.

(1)A40 =
k40 − K40

K40

[%],Amax =
max(k − K)

K40

[%],

(2)Q =
MR

MI

=
NRM

�H0
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Optical microscopy observations were done in 4 thin sections and ImageJ was 
used on the opaques minerals in one thin section to obtain the main orientation dis-
tribution. The ImageJ is a public domain Java image processing program (https://​
imagej.​net/).

X-Ray diffraction analyses were also conducted in 7 samples in the Diffraction 
X-Ray Analyses by Fluorescence of the Research Support Service of the Univer-
sity of Zaragoza (SAI-unizar). A Ru2500 diffractometer from RIGAKU performed 
XRD measurements using a graphite monochromator to select the Cu Kα radiation 
between 3° and 80° 2ϴ at a scan rate of 0.04° s–1 and 0.04° scan step. To determine 
the mineralogical phases the JCPDS- International Centre for Diffraction Data-2000 
was used (results in supplementary material).

4 � Results

The values of the magnetic susceptibility are high (the mean is 17,300 × 10–6), 
accordingly to the volcanic mafic nature of rocks, but with an extremely wide 
range (between 100 and 80,100 × 10–6). The results for each sample is presented in 
Table S1 of the Supplementary Material. The mean corrected anisotropy degree is 
1.013 and the mean shape parameter T is 0.214 (oblate), both with strong variability. 
The natural remanent magnetization (NRM) of nine samples provide values between 
0.04 and 0.35 A m–1 (see Table S2 and Fig. S1 in the Supplementary Material). The 
Köenisberger ratio Q, considering an intensity of 35.8 A m–1 for the Earth’s mag-
netic field in Camarena de la Sierra for the nine demagnetized samples, is lower than 
1. The average and standard deviation values of the AMS parameters can be seen in 
Table 1 and Fig. 2.

4.1 � Rock Magnetism

Regarding the magnetic mineralogy, if we look at the temperature-dependent mag-
netic susceptibility curves, all samples have a positive alteration index A40 (Hrouda, 
2003) since the cooling curves end at higher magnetic susceptibility than the heating 
runs start at (see Table 2 for the index of alteration A40, Eq. (1) and Hrouda, 2003). 
That is, all curves are irreversible, indicating the occurrence of chemical changes 
during the experiment. The thermomagnetic curves of some of the samples sug-
gest the presence of different ferromagnetic phases because in the heating run there 

Table 1   Values of magnetic 
susceptibility (κ), anisotropy 
degree Pj and shape factor T 
(Jelínek, 1981). The values were 
determined from measurements 
of a total of 158 samples

κ (× 10–6) Pj T

Mean 17300 1.013 0.252
Median 9965 1.010 0.316
Standard Deviation 20960 0.011 0.427
Minimum 100 1.002 –0.871
Maximum 88100 1.068 0.960

https://imagej.net/
https://imagej.net/
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is an increase of the magnetic susceptibility (hump) around  300 °C, a slight decay 
at higher temperatures and a final decay at 600 to  645 °C (Table 2, Fig. 3a). This 
behavior is found in IS-1–1, IS-2–2, IS-2–5 and IS-3–12. In IS-2–4 and IS-2–8 the 
hump at  300 °C is subtle, and the final decay occurs at 580 or  584 °C, what is typi-
cal of Ti-poor titanomagnetite. The  300 °C hump has been attributed to the inver-
sion of maghemite to either hematite or titanomagnetite, or more recently to single 
domain magnetite undergoing stable single-domain (SSD) to super-paramagnetic 
(SP) transition (see references in Zhang and Appel, 2023). Samples IS-1–13 and 
IS-1–8 show a similar behavior with only a clear final decay at about  560 °C, typi-
cal of Ti-poor titanomagnetite. Conversely, the sample IS-3–10 also shows a strong 
decay at about  100 °C possibly due to Ti–rich titanomagnetite. The paramagnetic 
contribution was calculated in four samples (two of them in the lower temperature 
range, between –180 and –100°C). This contribution ranges from 66% to 81.3%. In 
the low-temperature curves, there is no clear Verwey transition (typical for multi-
domain (MD) magnetite). On the contrary, a  strong decay occurs in IS-2–4 LT 
until –180°C. This information is complemented with the three-components IRM 
test (Lowrie, 1990) (Fig.  3b). In all samples the low-coercivity component domi-
nates the remanence; in four samples this component is titanomagnetite (with low 
Ti content), since the final decay of the remanence occurs below 580°C. In samples 
IS-2-4C and IS-2-3A some medium and high coercivity component is present, and 
there is a decay at about  350 °C). However, no hematite is found since there is no 
decay of the high-coercivity component at 680°C. Only sample IS-3-13B shows a 
decay at  300 °C, suggesting the presence of Ti–rich titanomagnetite, since the k-T 

Fig. 2   Magnetic properties of the analyzed samples: a) volume-specific mean susceptibility κm in 
dependence of the anisotropy degree Pj, b) shape parameter T vs. Pj for all 158 samples; their average 
values with standard deviations are shown by big squares and bars, respectively; and c) remanent vs. 
induced magnetization with lines for different Köenigsberger ratio Q calculated for nine samples
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experiments of a nearby sample IS-3–12 does not show iron sulphides in the κ-T 
analyses. Indeed, iron sulphides have a Curie temperature of  330 °C (Dunlop and 
Özdemir, 1997; Kontny et al., 2000) that cannot be interpreted from our curves.

The suggested relative high content of magnetite in many samples is consistent 
with the measurements of magnetic fabrics at liquid nitrogen temperature (~ 77 K), 
that indicate a significant contribution of the ferromagnetic phase to the total sus-
ceptibility. Indeed, the magnetic susceptibility only increases 1.5 times with respect 
to the value measured at room temperature (Fig. 3c). In summary, the main carriers 
of the AMS seem to be Ti-poor titanomagnetite, paramagnetic minerals and some 
Ti–rich titanomagnetite.

4.2 � Magnetic Fabrics

The orientation of the magnetic ellipsoid (AMS) shows a cluster of the maximum 
axes of the ellipsoid along a NNE-SSW direction in geographic coordinates, located 
within or close to the bedding plane, in IS-1. Conversely, IS-2 shows quite dis-
perse axes but κmax closer to the vertical. Finally, IS-3 shows the κmax axes in a gir-
dle distribution with κint axes, the girdle defining a nearly vertical plane (Fig. 4 and 
Table 3). A secondary maximum of the magnetic lineation appears in E-W direction, 
also horizontal, when the beds are restored to the horizontal. In general, the axes 
of the magnetic ellipsoid are not well grouped, and confidence angles for κmax are 
higher than ~ 57°, whereas for the κmin there is a range from ~ 16° to 48°. The out-of-
phase diagrams show directions for the magnetic axes similar to the ones observed 

Table 2   Values from the curves of temperature dependence of magnetic susceptibility, used to determine 
the alteration parameters A40 and Amax (Eq. (1), Hrouda, 2003), and Curie temperature TC, assessed using 
the inverse values in the paramagnetic temperature range (Petrovský and Kapička, 2006). The paramag-
netic contribution was determined, where possible, by the Cureval 8 software from the inverse suscepti-
bility of the heating curve

*  Determined using low-temperature curves

Sample K40 k40 Tmax
[°C]

k – K
at Tmax

A40 Amax TC TC
heat

TC
cool

Paramag
[%]

(× 10–6) (× 10–6) [°C]

IS-1–1 1600 1933 440 716 20.81 44.75 640 –- –- 0
IS-1–13 2.86 9.9 40 –- 246.15 –- 564 40 300 81
IS-1–8 5.64 16.9 40 –- 199.65 –- 555 40 300 68
IS-1-A 2.8 17.06 200 16.4 509.29 585.71 575 100 300 80
IS-2–2 492 774 40 –- 57.32 –- 644 –- –- 0
IS-2–4 5.6 176 346 232 214.29 414.29 580 –160 –100 67*

IS-2–5 252 416 380 232 65.08 92.06 600 –- –- 0
IS-2–8 100 238 350 226 138.00 226.00 587 –- –- 0
IS-3–10 15 20 240 18 33.33 120.00 564 120 40 –99?
IS-3–12 405 629 430 298 55.31 73.58 645 –- –- 0
IS-3–17 6.4 16 210 15 150.00 234.38 600 –180 –120 70*



	 Studia Geophysica et Geodaetica            (2026) 70:7     7   Page 10 of 21

Fig. 3   a) Temperature dependence of magnetic susceptibility κ, and b) three-component test of isother-
mal remanent magnetization (IRM) according to Lowrie (1990). In case of two samples (IS-1-1B and 
IS-2-4C), the steps at low temperatures, when magnetization was out of scale of JR-6 magnetometer, are 
not shown. See next page for Fig. 3c. c) Low-temperature (LT) vs. room-temperature (RT) magnetic sus-
ceptibility for samples in Table S3 of Supplementary Material
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for the in-phase diagrams. Particularly, axes are better grouped for the out- of-phase 
stereoplot in sites IS-2 and IS-3.

The plots of κm, Pj-κm and T-Pj indicate the extreme variability of the bulk mag-
netic susceptibility in these samples, and the independence of Pj of magnetic sus-
ceptibility (Fig. 4). As mentioned before, oblate ellipsoids dominate, and the degree 
of the corrected anisotropy is stronger for more oblate ellipsoids, a trend that appears 
more clearly in IS-1 and IS-3 than in IS-2.

The position of sites within the subvolcanic body strongly conditions the 
results in terms of axes orientations. The lower part of the tabular sill shows the 
κmin axes (IS-1) perpendicular to bedding (normal fabric), whereas in the mid-
dle part of the sampled section (IS-2), the maximum axes are close to the pole to 
bedding (and the out-of-phase stereoplot shows an inverse fabric in terms of axes 
disposition). In the upper part of the subvolcanic body (IS-3), the in-phase mag-
netic susceptibility shows the maximum axes of some samples (the ones with large 
κm > 10–3),perpendicular to bedding, and the out-of-phase magnetic susceptibility 
shows orientations that approach an inverse fabric.

4.3 � Optical Microscopy Observations and X‑Ray Diffraction

The observation of 4 unoriented thin sections reveals the sericitized dolerites 
(Fig. 5). We observed a fine grained matrix of: quartz, altered Na-feldspars (plagio-
clase -albite-) and alkali (K)—feldspars (microcline and orthoclase), phyllosilicates 

Fig. 3   (continued)
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(clinochlore), clinopyroxenes (diopside), olivine (in one sample a garnet is also pre-
sent) and opaque minerals (Fe-Ti oxides) (Fig. 5b, c). In two samples some colored 
bands are observed (Fig. 5f, g). The results of the indentification of some mineral 
phases are in Fig. S2 of the Supplementary Material.

Fig. 4   Field pictures and the anisotropy of magnetic susceptibility results of samples listed in Table 3, 
obtained using Anisoft  5. Stereoplots for the out-of-phase data show data with the phase angle larger 
than 1. The thick blue great circles represent the orientation of the tabular disposition of the sill (S in the 
figure); κm – mean magnetic susceptibility, Pj – anisotropy degree, T – shape factor. See next page for 
third sample
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The abundant opaque minerals (Fe-Ti oxides) show acicular (most abundant), 
prismatic and squared shapes (less abundant). The analyses of the orientation of 
the elongated opaque minerals in IS-2-B2 with ImageJ software (Fig. 5l) suggest 
a predominance of oriented minerals at 90° and ~ 50–150° with respect to the 
relative “north = upper part” of the unoriented thin section.

Fig. 4   (continued)

Table 3   Orientation of AMS ellipsoid for each site, in geographic coordinates, for in-phase (IP) and out-
of-phase (OP) measurements of samples shown in Fig. 4 (only samples with the phase larger than 1 are 
considered); N—number of samples, D—declination, I – inclination, α—confidence angle

Site N κmax κint κmin

D [°] α [°] I [°] α [°] D [°] α [°] I [°] α [°] D [°] α [°] I [°] α [°]

IP IS-1 41 350.0 87.2 29.9 17.7 87.7 87.2 13.9 16.4 199.6 20.7 56.0 12.3
IS-2 52 298.4 57.7 62.7 27.1 92.6 57.7 24.9 48.3 187.5 49.2 10.4 23.9
IS-3 65 332.9 77.8 11.1 28.4 85.0 77.8 62.5 47.8 237.7 49.4 24.8 25.2

OP IS-1 24 30.9 34.9 52.7 27.1 92.6 57.7 24.9 48.3 132.7 45.9 18.9 18.9
IS-2 24 46.1 18.8 55.2 12.4 307.5 60.0 5.9 14.4 213.5 60.1 34.1 16.0
IS-3 57 311.1 71.2 71.2 11.0 176.9 71.8 13.3 12.6 83.8 126.0 13.0 12.4
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Fig. 5   Sericitized dolerites in thin section. Gr: garnet, Pl: plagioclase, Pr: pyroxene and opaques minerals 
(Fe-Ti oxides). North and East are only relative to the position of the thin section (North = upper part)
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5 � Discussion

The orientation of the magnetic ellipsoids can be used to interpret the flow dynamics 
and magma migration in the upper crust, both at surface and in hypovolcanic bodies 
(Simón- Muzás et al., 2022, 2023 and references therein). Indeed, magnetic fabrics 
in other igneous bodies in the Iberian Chain have been studied and interpreted as 
resulting from magmatic flow (Gil-Imaz et al., 2006; Majarena et al., 2017) in Late-
Carboniferous and Permian rocks with little or no influence from deformational fea-
tures during the subsequent Paleogene compression (Majarena et  al., 2017). As a 
first approximation, the “normal” fabric is the one that shows the magnetic folia-
tion plane (plane perpendicular to the κmin axes) parallel to the bedding plane (or in 
some cases other structural surfaces) measured in the field (Chadima et al., 2006, 
see Fig. 6 for classification of magnetic fabric types). Therefore, data can be filtered 
according to the relationship between κmin axes and the bedding plane. After elimi-
nating sites with inclination of the κmin axes lower than 60° (after tectonic correc-
tion), the averaged maximum axes show two maxima, the main one closer to an E-W 
direction (31 samples from the three sites), and the secondary one closer to a N-S 
direction (14 samples from the three sites). The rest of the samples (14) show more 
disperse orientations (Fig. 6).

The out-of-phase magnetic signal in IS-3 provides κmax axes scattered with κint 
axes within a girdle perpendicular to κmin axes that are oriented E-W (in geographic 
coordinates). It is close to an “inverse” type of fabric, with respect to the normal in-
phase magnetic signal (considering the bedding plane as a reference). Therefore, the 
magnetic fabric is perhaps carried by stable single domain (SSD) particles (Hrouda 
et al., 2020).

Both the E-W and NNE-SSW magnetic lineation maxima are found in the three 
sites of the studied outcrop. Their orientation is oblique to the main structural fea-
tures of the area that have a paleogeographical meaning: the NW–SE “Iberian” 
faults and the NE-SW “tethysian” faults (Fig. 6c) (García-Lasanta et al., 2016 and 
references therein). Furthermore, other fault trends can be considered within the 
extensional tectonic setting of the eastern Iberian Chain in Jurassic times, compat-
ible with the main faults that control the extension and subsidence, namely the N-S 
set (that was subsequently re-activated during the Miocene extension in the Teruel 
graben). The N-S faults could be responsible for the conditioning of the magmatic 
flow in the soft levels (made up of Upper Triassic materials) below the surface dur-
ing the Jurassic. Interestingly, AMS data from sedimentary layers within the Jurassic 
(Pueyo Anchuela et al., 2013) indicate paleocurrents in coastal sediments following 
the NNE- SSW direction (as indicated by one of the maxima found in their work), 
what is possibly related with the activity of faults in this direction (and consistent 
with a slightly deviated “Tethyan” extension).

The main orientations of the magnetic lineation found in a small percentage of 
the samples in Camarena de la Sierra outcrop show a quasi-perpendicular relation-
ship in the three sites. This situation is quite different from the outcrops studied in 
Hoyer and Watkeys (2017), where they also find perpendicular relationships among 
AMS sites in a more detailed work in different outcrops near the sill contacts of the 
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Karoo Igneous Province. Their interpretation, based also in macroscopic flow direc-
tion observed in the field, implies that the fabric follows the main flow direction of 
the magma when the sills segments are independent, but when the sills segments 
merge in a perpendicular direction to the magma flow, the sill segments coalesce and 
other orientation is imprinted in the AMS (mostly perpendicular but also chaotic).

Fig. 6   Stereoplots of maximum and minimum susceptibility (κmax and κmin) axes after bedding restoration 
to the horizontal: a) 59 samples where κmin axes have inclinations higher than 60° (Anisoft 5); b) 102 
samples where κmax axes have inclinations lower than 30° (Anisoft 5); c) simplified structural configura-
tion for the Jurassic, compatible with the E-W orientation of magma flow (obtained from the magnetic 
fabric) in an area where Iberian and Tethyan extensional domains are present (thick arrows). The maxima 
of the magnetic lineation obtained in this study are represented (thin red arrows) and the main faults 
(ATMU, Caudiel, Alcublas faults) are shown
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The values of magnetic susceptibility and remanence obtained in this work 
can explain some of the (subtle) magnetic anomalies found in the eastern Iberian 
Chain (Fig. 7). In our case, the subtle positive anomaly and the geometry of the 
dipole (Fig. 7) agrees with the lower Köenigsberger ratio of the samples, indicat-
ing that magnetic susceptibility (according to the strong values obtained in this 
work) controls the magnetic signal. The alignment of dipoles along a NW–SE 
direction following the Alcublas fault zone suggest the existence of a series of 
foci along this fault. The characterization in more detail of these anomalies from 
near-surface surveys could be of interest for determining the source of volcanic 
rocks as shown in other areas of the Iberian Chain (Calvín et al., 2014).

6 � Conclusions

The magnetic analyses of a tabular dolerite sill in the Javalambre Sierra reveal the 
presence of Ti-poor titanomagnetite as the main carrier of the magnetic fabrics. Par-
amagnetic (pyroxene, phyllosilicates) and diamagnetic minerals represent a minor 
contribution to the total susceptibility. Ti–rich titanomagnetite and iron sulphides 
may be present in few samples, at the top of the sampled outcrop. The “inverse” 
out-of-phase fabrics of the upper part of the body could be carried by single domain 
particles as the out-of-phase signal suggests.

The “normal” in-phase magnetic anisotropy reveals an E-W and a NNE-SSW 
magnetic lineation, which may indicate the flow direction in the subvolcanic body. 
Thirty-one samples from the total of 158 (~ 20%) show the E-W lineation, whereas 
only 14 samples (~ 9%) present the NNE-SSW orientation. These directions are 

Fig. 7   Magnetic anomalies in the studied area. Base map: magnetic anomalies of the Iberian Peninsula. 
IGN, CC-BY 4.0 ign.es 2021 data provided by the Spanish National Geographic Institute (IGN). The 
maxima of the magnetic lineation obtained in this study are represented together with the main faults. 
Based on Martí-Cabo et al. (1980) and Aurell et al. (2019)
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compatible with the paleogeographic scenario during the Jurassic, conditioned in its 
turn by the main faults linked to extensional tectonics.

The magnetic susceptibility of the studied dolerite outcrop (together with the 
swarm of igneous rocks in the Javalambre Sierra) seems responsible for a series 
of subtle magnetic anomalies that appear as normal dipoles aligned in a NW–SE 
direction.
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