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Abstract

The effects of different petrological processes on the rock fabric of a folded sill from the Albarracin Massif (southeastern Iberian Chain, Spain)

were studied by means of the anisotropy of magnetic susceptibility (AMS) technique. The most outstanding feature of the sill at outcrop-scale is a

network of joints linked to thermal contraction, which define polygonal columns. The analysis of the magnetic fabric, taking the orientation of sill

walls and column axes as a reference and using the ‘restored’ directional data corresponding to the whole of K3 susceptibility axes, has revealed

magnetic fabrics related to two processes: (a) magma flow with a SW-trending flow vector characterized by a curved geometry of the magma

foliations and (b) thermal contraction coeval to lava cooling. Early magnetite crystals, grown in a relatively high viscosity calc-alkaline magma,

are the main carriers involved in the AMS fabric. Passive rotation of the early magnetic mineralogy within a medium-viscosity magma explains

the magnetic fabric linked to both magma flow and near-solidus thermal contraction of the magma. Late-Variscan folding of the sill produced the

rigid-body reorientation of the magnetic fabric.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The anisotropy of magnetic susceptibility (AMS) technique

has proved to be a valuable tool for defining magma flow

directions in tabular intrusions such as dykes and sills

(Ellwood, 1978; Hillhouse andWells, 1991; Ernst and Baragar,

1992; Cañón-Tapia et al., 1996; Glen et al., 1997; Geoffroy et

al., 2002) but few AMS studies have focussed on characteriz-

ing the effects of cooling on igneous rock fabrics (Brown et al.,

1964; Ellwood and Fisk, 1977; Ellwood, 1979; Urrutia-

Fucugauchi et al., 1991).

Two general models describe the relationship between

magma flow direction and principal susceptibility axes. The

classical application of the AMS technique to igneous rocks

assumes that the magnetic lineation (or the mean of the K2

axes) is parallel to the magma flow vector (Knight and Walker,

1988; Rochette et al., 1991; Staudigel et al., 1992; Varga et al.,
0191-8141/$ - see front matter q 2006 Elsevier Ltd. All rights reserved.
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1998; Herrero-Bervera et al., 2001). In the second model, the

flow vector is estimated from the geometric computation

between the K3 axes and the pole of the intrusion wall

(Hillhouse and Wells, 1991; Geoffroy et al., 2002; Callot and

Guichet, 2003), as K1 often results in an intersection axis (the

zone axis of sub-fabrics).

In the cases of abnormal magnetic fabrics with K1 axes not

coincident with the magma flow direction or when K1 and K3

axes and symmetry are inverted, the relationships between

crystal orientation, magma flow direction and principal

susceptibilities can be explained (Rochette et al., 1991, 1999)

by: (a) single domain effects of magnetite crystals, (b) late

growth of ferromagnetic minerals in a direction perpendicular

to the dyke-wall, (c) rolling effects on large grains, and (d)

turbulent flow.

Homogeneous cooling of tabular magma bodies commonly

results in a systematic but variably spaced columnar jointing,

related to thermal contraction (Jaeger, 1961; Spry, 1962; Ryan

and Sammis, 1978; Kantha, 1981). The magnetic fabric

produced by this process is characterized by a random

distribution of K1 and K2 axes on a plane perpendicular to

the column axis and the K3 axes grouped around the column
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Fig. 1. (a) Location of the Albarracı́n Massif within the Iberian Chain. (b) Geological map of the studied area and location of the AMS sites.
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axis (Brown et al., 1964). Some authors have described a

preferred long-axis alignment of magnetic minerals normal to

the long axis of the column in response to thermal stresses

(Ellwood and Fisk, 1977; Ellwood, 1979). Systematic

variations related to column shape are found in bulk
susceptibility, anisotropy of shape and anisotropy degree

(Urrutia-Fucugauchi, 1982; Urrutia-Fucugauchi et al., 1991).

In addition to this, other factors can modify the AMS fabric in

tabular igneous bodies during the formation of the columns, as

the presence of single domain magnetites, which have an
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inverse fabric with respect to the column shape (Potter and

Stephenson, 1988), or the grain size variations across the

tabular body (MacDonald et al., 1992).

In this paper, the results are presented of a detailed study of

the AMS, in a sill of late-Variscan age outcropping in the

southeastern part of the Castilian Branch (Iberian Chain,

Spain). The sill is folded around a NNW–SSE-trending axis

and variably oriented columnar jointing occurs all over the

studied area. This outcrop thus represents an interesting case to

study the effects of magma flow and thermal processes on the

resulting AMS fabric, in a complex geological setting.
2. Regional setting: tectonics, stratigraphy and petrology

The Albarracin Massif is an E–W-trending outcrop of

Palaeozoic rocks located in the southeastern part of the Iberian

Chain (Northeastern Spain; Fig. 1a). This Massif is mainly

composed of a thick sedimentary and low-grade metamorphic

series of Ordovician–Silurian age, affected by NNW–SSE-

trending Variscan folds (Lozte, 1929; Julivert et al., 1974).

Several calc-alkaline extrusive and intrusive igneous bodies

(sills, dykes and flows) are emplaced within the Palaeozoic

series (Lago et al., 1996, 2004). These igneous rocks are

unconformably overlain by Buntsandstein facies (Upper

Thüringian–Lower Anisian; López-Gómez and Arche, 1993)

red beds. Although the Autunian age of some volcaniclastic

outcrops (related to the early Permian extensional stage) has

been proved by means of paleontological and absolute age data

(Lago et al., 1996, 2004), the structural and stratigraphic

features of the studied outcrop suggest an early emplacement of

the magma just before the last Variscan folding phase.

From a structural point of view, the studied sill is

interbedded within the bottom of a NNW–SSE-trending folded

sequence of Silurian age (mainly black shales; Lozte, 1929;

Riba, 1959; Portero et al., 1981). The folds are east-verging and

gently plunging to the north (Fig. 1b). Both the igneous body

and the Variscan folds are cut by a large E–W normal fault to
Table 1

Site mean anisotropy susceptibility data for the andesites of Noguera sector

Site N Km Pj Tj

NG1 12 265 1.020 0.257

NG2 17 239 1.008 0.265

NG3 16 294 1.015 0.023

NG3bis 82 241 1.012 0.466

NG4 14 291 1.014 K0.313

NG5 14 199 1.010 K0.064

NG6 23 285 1.009 K0.137

NG7.1 12 298 1.010 K0.018

NG7.2 13 262 1.009 K0.050

NG7.3 23 288 1.010 0.273

NG8 11 303 1.012 K0.282

NG9 14 289 1.007 0.147

NG10 14 266 1.009 K0.284

NG11 16 498 1.006 0.181

NG12 14 325 1.012 K0.184

NZnumber of specimens; KmZbulk susceptibility (!10K6 SI units); Pj and Tj

are the degree of anisotropy and the symmetry of shape, respectively (Jelinek,

1981).
the north and some other minor NW–SE- to E–W-trending

normal and reverse faults. To the south, the limit of the

Palaeozoic outcrop is the Buntsandstein facies basal unconfor-

mity, a regional feature recognized all over the Iberian Chain.

The thickness of the sill varies from a maximum of around

70 m to less than 20 m and the exposed area of the sites

frequently exceeds 20 m2. A well-defined jointing, normal to

the walls of the sill, affects the sill throughout the outcrop. The

joints define polygonal columns with an increasing height/

diameter ratio from the contact to the inner part of the sill. The

columns are normally limited by four or five sides, although

hexagonal sections also occur.

The petrological study of the sill reveals that the outer

margins of the intrusion are composed of fine-grained,

porphyritic andesite that progressively grades to coarse dacite

in the central parts. The geochemistry of these rocks indicates a

calc-alkaline affinity (Lago et al., 1996). The samples analysed

in this paper include dacite, dacite–andesite and minor

andesite. Primary phases in dacite and dacite–andesite include:

zoned plagioclase phenocrysts and microcrysts (35–45%),

partially replaced biotite phenocrysts (10–30%), quartz

xenocrysts (15–25%) and rare (!1%) or absent amphibole

crystals (hornblende). Subidiomorphic magnetite crystals (1–

2%), apatite, zircon and tourmaline are common accessory

minerals. Secondary phases include chlorite (5–20%), calcite

(0–5%) and haematite (0–1%). Andesite samples are charac-

terized by the presence of rare orthopyroxene crystals.

Petrographic observations suggest that primary biotite and

secondary chlorite are the main paramagnetic phases in all the

samples. Euhedral primary magnetite crystals and secondary

haematite are the main ferromagnetic phases.

3. Anisotropy of magnetic susceptibility (AMS) study

3.1. Theory of the AMS technique

The AMS technique is based on the measurement of the

variation of susceptibility in a standard volume of rock when a

weak magnetic field (%1 mT) is applied in different directions.

Such a variation can be described mathematically by means of

a second-rank symmetric tensor, which can be physically

expressed as an ellipsoid whose principal axes represent the

three principal susceptibilities (maximum, intermediate and

minimum susceptibility axes, or K1SK2SK3). With inde-

pendence of the source of the magnetic susceptibility

(ferromagnetic, paramagnetic or diamagnetic minerals), it has

been demonstrated that the magnitude of this anisotropy

depends on two factors: the magnetic anisotropy of the

particles themselves and the degree of their alignment (Tarling

and Hrouda, 1993). The preferred orientation of crystallo-

graphic axes (crystalline anisotropy) determines the AMS for

the majority of minerals (mainly in paramagnetic minerals and

haematite). In the case of magnetite, the AMS is controlled by

the shape preferred orientation of individual grains or grain

aggregates (shape anisotropy). The respective contributions of

the paramagnetic (silicates) and ferromagnetic (magnetite and

other Fe–Ti oxides) phases to the whole AMS depend on both
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the intrinsic susceptibility of the minerals and on their

concentration in the rock (Hrouda and Kahan, 1991). For

rocks containing a significant modal proportion (ca. 10%) of

paramagnetic minerals, Tarling and Hrouda (1993) stated that

the AMS of the rock depends mainly on the ferromagnetic

minerals if the bulk susceptibility is above 5!10K3 [SI],

whereas the paramagnetic fraction is the main contributor to

the AMS for bulk susceptibilities below 5!10K4 [SI].

Many parameters are classically used to describe the AMS

fabric of rocks. In this study we use the following parameters to

characterize the magnitude and shape of the susceptibility

ellipsoid (Jelinek, 1981; Hrouda, 1982):Corrected anisotropy

degree:

Pj Z exp½2ðh1KhmÞ
2 C ðh2KhmÞ

2 C ðh3KhmÞ
2�1=2

where h1Zln K1, h2Zln K2, h3Zln K3 and hmZ(h1Ch2C
h3)/3Shape parameter:

Tj Z ½2lnðK2=K3Þ=lnðK1=K3Þ�K1

The Pj parameter is used to quantify the degree of magnetic

anisotropy and Tj characterizes the shape of the AMS ellipsoid.

In addition to these parameters, we also use the bulk magnetic

susceptibility KmZ(K1CK2CK3)/3.

Samples for the AMS analysis were collected from 13 sites

along the intrusion (Fig. 1b). Three to eight, 6–15 cm long,

2.54 cm diameter oriented cores were drilled at each site using

a portable drill. One to four samples with a height/diameter

ratio of 0.82 were obtained from each core. AMS was

measured with a KLY-2.02 susceptibility meter (using a bridge

at low magnetic field), which is based on measuring the

directional susceptibilities corresponding to 15 suitable

directions in the rock specimens (Jelinek, 1981). The averages

(arithmetic mean) of AMS data for all sites are reported in

Table 1.
3.2. AMS results
3.2.1. Magnetic susceptibility and magnetic mineralogy

The Km values of the analysed samples (Table 1) range from

199!10K6 [SI] (site NG5) to 498!10K6 [SI] (site NG11).

The average bulk susceptibility is 235!10K6 [SI]. A good

correlation exists between the petrology and the bulk

susceptibility of the samples, without significant deviations.

Dacitic samples have the lowermost values (sites NG5 and

NG2) compared with the more andesitic ones (sites NG11 and

NG12). Given that both paramagnetic and ferromagnetic

phases control the magnetic susceptibility (and its anisotropy)

and because the ranges of the bulk susceptibility are not

indicative of the precise source of the magnetic properties (i.e.

samples with low Km values could indicate a predominantly

ferromagnetic contribution), the determination of the nature

and relative contribution of each phase to the bulk
Fig. 2. (a) Initial hysteresis loops, (b) loops with paramagnetic susceptibility substrac

four selected samples (sites NG11, NG8, NG1 and NG12).
susceptibility is necessary in order to understand the origin of

the magnetic fabric.

The relative contribution of ferromagnetic and paramag-

netic mineral phases to the bulk magnetic susceptibility can be

derived from the analysis of the hysteresis curves, following

the method by Borradaile and Werner (1994). Hysteresis loops

at room temperature were recorded for representative samples

using a SQUID magnetometer (model MPMS-5S, Quantum

Design). The paramagnetic (Kpara) contribution to the bulk

susceptibility is derived from the slope of the initial hysteresis

curves after saturation (between 0.05/0.08 and 0.1 T; Fig. 2a),

and is expressed as a percentage of the bulk susceptibility (Km)

on each sample. In the studied samples Kpara ranges from 20 to

27%. These results support that ferromagnetic phases are the

main contributors to the bulk susceptibility in the studied

samples, despite their low modal proportions (below 2%),

compared with those of the paramagnetic minerals.

The loop for the ferromagnetic component is obtained by

substraction of the field independent magnetic susceptibility in

the initial hysteresis loop. As shown in the graphs (Fig. 2b),

four patterns of corrected hysteresis loops can be inferred.

Although the complete saturation at 0.1 T indicates the

presence of very low coercivity minerals (i.e. magnetite), the

wasp-waisted shape of the curves suggests the combined effect

of different ferromagnetic phases (Roberts et al., 1995;

Muttoni, 1995).

The isothermal remanent magnetization (IRM) for the same

representative specimens was analysed, in order to discrimi-

nate the ferromagnetic mineralogy. As shown in the plots

(Fig. 2c), the saturation paths (with a steep increase of

saturation below 0.2 T and a more gentle increase for higher

values) suggest the presence of minerals with both high and

low coercive forces. The IRM paths agree with the

petrographic observations and the hysteresis results that

indicate the presence of both irregular haematite crystals and

idiomorphic magnetite crystals. Due to the fairly oxydizing

behaviour of the magma, other ferromagnetic phases like

maghemite cannot be ruled out as part of the mineral

assemblage.

3.2.2. Shape and orientation of the magnetic ellipsoids

The analysis of the shape of the magnetic ellipsoids was

performed by means of anisotropy plots where the mean shape

(Tj) corresponding to each site is plotted versus the degree of

anisotropy (Pj). As shown by the synthetic anisotropy plots

(Fig. 3), either oblate or prolate shapes are common in the

studied samples. The site mean values of the Pj and Tj

parameters vary from 1.02 to 1.006 (1.01 on average) and

between C0.466 and K0.313, respectively. The very low

degree of magnetic anisotropy (Pj below 1.05) agrees with the

values found in basaltic–andesitic shallow intrusive rocks

(Hrouda, 1982; Staudigel et al., 1992; Tamrat and Ernesto,

1999; Callot et al., 2001) where magnetite is the main carrier

of the primary magnetic fabric and the AMS is controlled by
ted and (c) normalized curves of isothermal remanent magnetization (IRM) for



Fig. 3. Stereoplots of AMS directional data and corresponding anisotropy plots for the analysed sites. (a) Sites with oblate ellipsoids and the mean of the K3 axes

close to both the column axes and the pole of the sill surface. (b) Sites with the magnetic foliation oblique to the sill plane. (c) Sites dominated by prolate ellipsoids.

Gray stereoplots correspond to the ‘inverse’ magnetic fabrics. Error bars in the anisotropy plots represent the standard deviations of the arithmetic mean.
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the shape of the grains (shape anisotropy) and their alignment.

In the studied samples, textural features such as the presence of

sub-isometric magnetite grains are consistent with their very

low Pj values.
The values of the shape parameter Tj (Fig. 3) can be either

positive or negative, indicating that there is no predominance

of magnetic foliation over magnetic lineation, as could be

expected for the AMS fabric in tabular intrusions.



Fig. 4. Calculated viscosity versus SiO2 content for representative calc-alkaline

Permian igneous rocks of the Iberian Chain. Squares: rhyolite; open circles:

dacite; triangles: andesite; diamonds: basalt; filled circles: Noguera dacites.

Viscosity is the log10 of the liquid viscosity in Poise, calculated assuming a wet

magma and a linear evolution of temperature from 1250 8C for 48% SiO2 and

700 8C for 78% SiO2 (calculations from McBirney (1993)). Compositions of

igneous rocks from the Iberian Chain taken from Lago et al. (1996, 2004).
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Nevertheless, some sites are preferentially dominated by oblate

ellipsoids, others by prolate ones and some by triaxial

ellipsoids (0.5STjSK0.5). The variety of ellipsoid shapes,

together with directional arguments suggests that the magnetic

fabric in different sites along the sill does not reflect a unique

and homogeneous process.

The directional analysis of the principal susceptibility axes

for each site was performed by means of equal-area

stereographic projections (Fig. 3). In order to define the

‘normal’ or ‘inverse’ character of the magnetic fabric, we have

considered its relationship to the petro-structural elements (i.e.

mean direction of the column axes obtained from the direction

of the column edges, the emplacement surfaces and the

cartographic fold axis). In agreement with Rochette et al.

(1991) we define a magnetic fabric as ‘normal’ when it is

characterized by dominant oblate-shaped ellipsoids and a well

defined magnetic foliation parallel to the emplacement surface.

‘Normal’ magnetic fabrics produced by thermal contraction are

characterized by a predominance of oblate ellipsoids with the

K3 axes grouped around the column axis (Ellwood and Fisk,

1977; Ellwood, 1979; Urrutia-Fucugauchi et al., 1991). In

contrast with this, an ‘inverse’ magnetic fabric is defined by the

grouping of the K1 axes parallel to the column axis.

As shown in the stereoplots (Fig. 3), most of the sites have

‘normal’ magnetic fabrics, with the exception of sites NG1,

NG7.3 and NG9, which have ‘inverse’ fabrics, characterized

by a well-defined magnetic lineation around or near to the

column axis.

Considering the mean orientation of the magnetic ellipsoids

and its average shape, different magnetic patterns can be
defined (Fig. 3). Some sites dominated by oblate ellipsoids

(Fig. 3a), present a magnetic foliation close to the sill plane.

This type includes sites with the mean of the K3 axes close to

both the column axis (the inverse fabric of sites NG1 and NG9

and the normal fabric of site NG3) and to the pole of the

emplacement surface (site NG5). Some other sites with oblate

ellipsoids show the magnetic foliation oblique to the sill plane

(i.e. the mean of the K3 axes oblique to both the column axis

and the pole of the emplacement surface). This second group

includes the normal fabric of sites NG2, NG7.1, NG7.2, NG10,

NG11 and the inverse fabric of site NG7.3 (Fig. 3b). Finally,

four sites are characterized by prolate ellipsoids (sites NG4,

NG6, NG8 and NG12) and without magnetic foliation

(Fig. 3c).

4. Origin of the magnetic patterns

As previously stated, both the bulk susceptibility and the

magnetic anisotropy of the studied samples are produced by

different ferromagnetic minerals (Kferro ranges from 73 to

80%). Textural features of the rock-fabric (sub-idiomorphic

magnetite crystals included within primary silicates like

plagioclase and biotite phenocrysts) suggest that the magnetite

crystals in the rock matrix crystallized during the early cooling

history of the rock. Although the wasp-waisted shape of the

corrected hysteresis loops indicates a mixture of high- and very

low-coercivity minerals, the magnetic analysis suggests the

predominance of weakly anisotropic minerals like magnetite.

From the analysis of directional data and taking into account

the relationship between the magnetic fabric and the petro-

structural indicators, it works out that the magnetic fabric of

these samples is due to early-crystallized magnetite grains and,

on the other hand, the reorganization of the primary magnetic

fabric can be related to other post-emplacement processes.

4.1. Magma flow

The effect of a static wall during the movement of the

magma within an opening discontinuity is usually recognized

in the imbricated scheme of the AMS foliations (Knight and

Walker, 1988; Hillhouse and Wells, 1991; Cañón-Tapia et al.,

1996; Walker et al., 1999; Geoffroy et al., 2002). According to

this, the magnetic patterns of sites NG2, NG7.1, NG7.2,

NG7.3, NG10 and NG11 (Fig. 3b), with a magnetic foliation

oblique to the petrostructural elements (i.e. both the sill wall

and the column axes), can be interpreted as the result of a

magma flow effect. The angle of obliquity between the

magnetic foliation and the sill wall was measured taking as a

reference the mean direction of the K3 axes and either the pole

of the average emplacement surface directly measured on site

or the orientation of the column axes (accepting that they are

perpendicular to the sill wall). Both for the emplacement

surfaces and the column axes, the orientation data measured in

the field were averaged to reduce local errors.

The acquisition of magmatic fabrics is controlled by two

critical factors: the viscosity of the magma, which controls the

flow velocity and regime (laminar or turbulent), and the timing



Fig. 5. Panoramic view of the Noguera andesitic sill. Note its high tilt to the west. Stereograms of directional data and anisotropy plots for three sites located at

different distances from the top of the sill are reported. Gray stereoplot indicate the ‘inverse’ magnetic fabric of site NG7.3. Error bars in the anisotropy plots

represent the standard deviations of the arithmetic mean.
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of crystallization of the ferromagnetic minerals in the rock.

Crystallizing magmas with less than 30% of crystals

(viscosities below 104 poise; Fernández and Gasquet, 1994)

behave as Newtonian liquids and do not develop mineral

preferred orientations. Above this rheological threshold, the

behaviour of magma corresponds to that of a Binghamian

liquid and the magnetic fabric develops as a result of rigid-

body rotations of crystals (Fernández and Gasquet, 1994;

Hrouda et al., 1999). The timing of crystallization of the

ferromagnetic phases influences their behaviour, which can be

passive for early crystals or active, with crystallization coeval

to flow. In the studied sill, with a moderate estimated magma

viscosity in the range 5!105–3!106 poise (Fig. 4), the

magnetic fabric can be interpreted as the result of the passive

rotation of early-crystallized sub-equant magnetites.
Additional evidence of such an imbricate model of magma

flow is seen in sites NG7.1, NG7.2 (with a normal magnetic

fabric) and NG7.3 (with an inverse fabric). As shown in Fig. 5,

the magnetic foliation is oblique to the sill wall (i.e. the mean

of the K3 axes is oblique to the mean of the column axes) and a

gradual decreasing in the obliquity angle from site NG7.1

(located near the sill wall) to site NG7.2 (located in the inner

part of the sill) ocurrs. This variation of the magnetic pattern

from the outer to the inner parts of the igneous mass is

consistent with a decrease of the wall effect (and of the shear

responsible for the imbrication) towards the inner part of the

sill. This pattern of internal fabric is consistent with a ‘cooling-

related Binghamian’ dyke model (non-Newtonian magma), in

which the magmatic foliation becomes parallel to the flow

vector in the core of the dyke (Komar, 1972a,b, 1976).



Fig. 6. Bottom of a sampled andesitic column: Site NG3bis. The stereographic projections of the susceptibility axes and the anisotropy plots for all the samples are

shown.

Table 2

Site mean anisotropy susceptibility data for samples from the bottom of an

andesitic column of site NG3bis

Sample N Km Pj Tj

A. Gil-Imaz et al. / Journal of Structural Geology 28 (2006) 641–653 649
In addition to the obliquity between the magnetic foliation

and the sill wall, the presence of prolate magnetic fabrics in

sheet-like intrusions is a feature commonly interpreted as

related to magma flow kinetics; in most of these cases, the

magnetic lineation is parallel to the flow direction (Ellwood and

Fisk, 1977; Ellwood, 1978; Knight and Walker, 1988; Ferré

et al., 2002). Thus the magnetic pattern from sites NG4, NG6,

NG8 and NG12 (Fig. 3c), in which a magnetic lineation is

defined on the plane parallel to the sill surface (normal to the

column axis), suggests its primary origin linked to magma flow.
Ba01–Ba04 16 234 1.011 0.14

Ba05–Ba08 16 235 1.014 0.51

Ba09–Ba12 14 279 1.014 0.63

Ba13–Ba17 14 240 1.010 0.48

Ba18–Ba22 22 219 1.011 0.57

NZnumber of specimens; KmZbulk susceptibility (!10K6 SI units); Pj and Tj

are the degree of anisotropy and the symmetry of shape, respectively (Jelinek,

1981).
4.2. Thermal contraction

In order to determine the contribution of thermal contraction

processes to the magnetic fabric, a centre to border sampling of

a single column from site NG3 (site named NG3bis) was

carried out (Fig. 6). A total of 22 cores (82 specimens) coming
from the top of a single column were collected (Table 2). As

shown by the anisotropy plots and directional data of the

susceptibility axes, the ellipsoid shapes (and magnetic

anisotropy) and the directional patterns vary gradually from
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the centre to the border. Samples from the centre of the column

have well defined triaxial magnetic ellipsoids and a magnetic

lineation, whereas the samples from the border are character-

ized by more oblate ellipsoids.

The early crystallization of magnetite (the main carrier of

the magnetic anisotropy) in the studied rocks makes this

mineral suitable for recording any other processes affecting the

magma and, later, the resulting rock. The magnetic lineation

observed in the central cores can be interpreted as a primary

feature, related to magma flow. After the emplacement,

thermal contraction could explain the coaxial gradual change

of the magnetic fabric from the centre to the border of the

column, as the thermal stresses linked to contraction gradually
Fig. 7. Flow vector determination. Theoretical sketch and corresponding stereoplot

flow vector in the studied sill from the directional pattern of the restored K3 axes. For

the girdle of the K3 axes. Concerning the frequency stereoplot, data coming from th

have been also considered. Due to the structural complexity linked to post-folding f

affecting this site in Fig. 1). Contour intervals are 0.7%. Equal area, lower hemisph
decrease from the border to the centre, where the original

magmatic lineation is preserved. The magnetic fabric linked to

thermal contraction must be related to near-solidus passive

rotation of early magnetite crystals, within the relatively

viscous igneous mass.

These single-column results are consistent with the rest of

the data measured for site NG3 (Fig. 3a), (See the high

degree of coaxiality between the mean direction of K 3 axis

and the column axes). This magnetic pattern also occurs in

other sites where the columns are better developed (sites

NG1, NG5 and NG9 in Fig. 3a) suggesting that the original

flow-related fabric is variably overprinted by the thermal

contraction process in these sites.
of flow vector determination for a dyke (a) and sill (b). (c) Interpretation of the

data coming from the top of the sill, the flow vector coincides with the normal to

e swapping of K1 and K3 axes corresponding to the ‘inverse’ magnetic fabrics

racturing data from site NG6 have not been included (see the cartographic fault

ere.
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5. Interpretation of the AMS fabric: discussion

According to Henry (1997), a remarkable feature of the

AMS in tabular intrusions, which is also present in some of the

studied sites, is that the magnetic lineation represents the zone

axis of the magnetic foliations. This implies that K1 axes are

not unequivocal flow direction markers and only the K3 axes

can be used for such purposes (Hillhouse and Wells, 1991;

Geoffroy et al., 2002). In order to evaluate the effect of the

primary magma flow in the studied samples at a regional scale

we have plotted the whole susceptibility directional data,

corresponding only to the K3 susceptibility axes in its

‘restored’ position. Restored data were obtained applying the

plunge correction to both the cartographic fold axis and to each

individual column.

The flow vector in dykes can be calculated using only their

magnetic foliations (Geoffroy et al., 2002). These authors

stated that, in vertical dykes, the flow vector could be defined

completely by the perpendicular to the axis intersection

between the magnetic foliation and the dyke wall (Fig. 7a).

In sills with horizontal parallel walls, or when restoring the

structure of dipping sills to the horizontal, the flow vector

would be contained in a vertical plane perpendicular to the

strike of the magnetic foliations measured on each sill wall

(Fig. 7b). In both cases, the relationship between the magnetic

foliation and the flow vector is clearly defined. The expected

scheme for horizontal sills does not occur in the studied case.

As shown in the frequency stereogram of restored K3 axes

(Fig. 7c), the poles of the magnetic foliations (K3 axes) are

dispersed along a NW–SE girdle inclined to the east. As these

directional data correspond to the restored position of the K3

axes (the square in Fig. 8c indicates the original vertical

position of the columns), the dispersion could be interpreted as

an original feature of the AMS fabric. Taking into account that
Fig. 8. (a) Frequency stereogram of ‘in situ’ data of the K3 susceptibility axes corr

NG3bis not included). Data coming from the swapping of K1 and K3 axes correspo

structural complexity linked to post-folding fracturing data from site NG6 have n

Stereographic projections corresponding to both the cartographic fold affecting the

Equal area, lower hemisphere.
most of the sites were drilled out from the top of the sill, the

girdle of K3 axes is consistent with a curved geometry of the

original magma foliation at a regional scale (and consistent

with the velocity distribution model) and then the related flow

vector can be inferred from the normal to the girdle (Fig. 7c).

The observed low-symmetry pattern of the distribution of the

K3 axes is related to the sampling representativity, limited by

the outcropping surfaces.

Instead of a well-defined magnetic lineation linked to

magma flow, dispersion of the K1 axes on the magnetic

foliation is evident in some sites (see site NG3bis on Fig. 6 and

sites NG2, NG7.2, NG11 and NG12 on Fig. 3). This pattern

cannot be explained as the consequence of a turbulent flow of

the magma, as this kind of process typically produces random

orientations of all the susceptibility axes (Knight and Walker,

1988). Moreover, the radial pattern of the stresses linked to

thermal contraction could explain the dispersion of K1 axes

within the flow plane, during the late stages of magma

crystallization. In contrast with the regional-scale magma flow

process, the effects of thermal contraction are probably

significant only at the site/column scale.

The ENE–WSW folding responsible for NNW–SSE-

trending cartographic folds in the studied area is the last

identifiable process that affected the sill. Its passive effect on

the magnetic fabric is supported by the directional pattern of

the ‘in situ’ K3 susceptibility axes, obtained from the whole

dataset (Fig. 8). As shown in the synthetic stereoplot, a main

ENE–WSW girdle (whose pole is close to the mean

cartographic fold axis) of the K3 axes is defined (Fig. 8a).

This is consistent with a passive folding of previous surfaces

with a predominant ENE–WSW orientation (Fig. 7c), as a

result of the process responsible for the cartographic folds

(Fig. 8b).
esponding to the whole of the analysed specimens (data corresponding to site

nding to the ‘inverse’ magnetic fabrics have been also considered. Due to the

ot been included (see the cartographic fault affecting this site in Fig. 1). (b)

sill (left) and to the Ordovician succession (right). Contour intervals are 0.7%.



A. Gil-Imaz et al. / Journal of Structural Geology 28 (2006) 641–653652
6. Conclusions

This study is focussed on samples collected from 13 sites

scattered over the outcropping surface of a folded andesitic sill.

This intrusion is one of a large number of late-Variscan calc-

alkaline intrusive and extrusive igneous rocks that were

emplaced within the Palaeozoic sequences of the southeastern

part of the Iberian Chain (Spain). The analysis of magnetic

fabrics (AMS) of these rocks reveals a sequence of

petrostructural events including: (1) magma flow, (2) near-

solidus thermal contraction of the igneous mass, and (3) later

folding. Geochemical data and textural evidences indicate that

the AMS fabric of these rocks is related to early crystallization

of magnetite grains within a medium-viscosity calc-alkaline

magma.

From the pattern of the ‘restored’ K3 susceptibility axes

obtained for the whole dataset, a horizontal SW-trending

flow vector can be deduced. This magnetic pattern is

defined by a NW–SE girdle, which reflects an original

curved geometry of the magmatic foliation. The observed

gradual decrease of the obliquity between the sill plane and

the mean magnetic foliations from the contacts of the sill to

its interior supports an imbricate scheme of the magnetic

fabric.

Thermal contraction linked to lava cooling explains the

clustering of K3 susceptibility near the mean direction of the

column axis. Its effect is more remarkable in sites where well

developed polygonal columns occur. A detailed study of a

single column has shown that the gradual variation of the

magnetic parameters from the border to the centre of the

columns is related with thermal contraction. The thermal

stresses related to the formation of the columns will explain the

absence of a main magnetic lineation within the magnetic

foliation. A passive rotation of the early crystallized magnetite

grains allows an explanation of the active role of the thermal

contraction in the acquisition of the magnetic fabric.

Late folding of the sill produced the rigid-body rotation of

the magnetic mineralogy. This statement is supported by the

directional pattern of the ‘in situ’ K3 susceptibility axes that

records the main structural directions of the cartographic folds.
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Penı́nsula Ibérica y Baleares. IGME, pp. 1–13.

Kantha, L.H., 1981. ”Basalt fingers”: origin of columnar joints? Geological

Magacine 118 (3), 251–264.



A. Gil-Imaz et al. / Journal of Structural Geology 28 (2006) 641–653 653
Knight, M.D., Walker, G.P.L., 1988. Magma flow directions in flows of the

Koolau Complex, Oahu, determined from magnetic fabric studies. Journal

of Geophysical Research 93, 4308–4319.

Komar, P.D., 1972a. Mechanical interactions of phenocrysts and flow

differentiation of igneous dykes and sills. Geological Society of America

Bulletin 83, 973–988.

Komar, P.D., 1972b. Flow differentiation in igneous dykes and sills; profiles of

velocity and phenocryst concentration. Geological Society of America

Bulletin 83 (11), 3443–3447.

Komar, P.D., 1976. Phenocryst interactions and the velocity profile of magma

flowing through dykes or sills. Geological Society of America Bulletin 83

(9), 1336–1342.

Lago, M., Gil-Imaz, A., Pocovı́, A., Arranz, E., Bastida, J., Auqué, L.,
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Urrutia-Fucugauchi, J., Böhnel, H., Negendak, J.F.W., 1991. Magnetic

properties and domain state of titanomagnetites in a columnar basalt

from Mexico. Journal of Geomagnetism and Geoelectricity 43, 189–205.

Varga, R.J., Gee, J.S., Staudigel, H., Tauxe, L., 1998. Dykes surfaces lineations

as magma flow indicators within the sheeted dyke complex of the Troodos

ophiolite, Cyprus. Journal of Geophysical Research 103, 5241–5256.
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