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[1] Knowledge on forced magma injection and magma flow in dykes is crucial for the
understanding of how magmas migrate through the crust to the Earth’s surface. Because
many questions still persist, we used the long, thick, and deep‐seated Foum Zguid dyke
(Morocco) to investigate dyke emplacement and internal flow by means of magnetic
methods, structural analysis, petrography, and scanning electron microscopy. We also
investigated how the host rocks accommodated the intrusion. Regarding internal flow:
1. Important variations of the rock magnetic properties and magnetic fabric occur with
distance from dyke wall; 2. anisotropy of anhysteretic remanent magnetization reveals
that anisotropy of magnetic susceptibility (AMS) results mainly from the superposition
of subfabrics with distinct coercivities and that the imbrication between magnetic
foliation and dyke plane is more reliable to deduce flow than the orientation of the
AMS maximum principal axis; and 3. a dominant upward flow near the margins can
be inferred. The magnetic fabric closest to the dyke wall likely records magma flow best
due to fast cooling, whereas in the core the magnetic properties have been affected by
high‐temperature exsolution and metasomatic effects due to slow cooling. Regarding dyke
emplacement, this study shows that the thick forceful intrusion induced deformation by
homogeneous flattening and/or folding of the host sedimentary strata. Dewatering related
to heat, as recorded by thick quartz veins bordering the dyke in some localities, may
have also helped accommodating dyke intrusion. The spatial arrangement of quartz
veins and their geometrical relationship with the dyke indicate a preintrusive to
synintrusive sinistral component of strike slip.
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1. Introduction

[2] Although there has been extensive work on magma
flow and propagation of dykes, most works have been
carried out on shallow dykes (mainly in volcanic islands)
where a passive infilling of tensile fractures is expected
[e.g., Knight and Walker, 1988; Gudmundsson, 2006;

Hildenbrand et al., 2008]. Close to the surface, magma can
flow almost freely through open fractures, but deeper in the
crust, magma slowly makes its way up through rocks with
no open fractures. By studying dykes that cooled at differ-
ent depth with different thickness, one can investigate how
magma flows under different conditions, mostly because
viscosity and cooling depend on depth; that is, greater depth
correlates with higher temperature and lower viscosity, and
thickness, whereby thicker dykes cool more slowly. Some
questions still persist on how the magma forces its way
up through the crust, how the magma flows within thick
intrusions, and how the host rocks accommodate the
mechanical, thermal and chemical processes associated with
the intrusive process. In order to answer these questions we
investigated the thick, deep‐seated doleritic Foum Zguid
dyke (FZD, southern Morocco) and its host sedimentary
rocks. We carried out an extensive collection of oriented
paleomagnetic samples along several cross sections per-
pendicular to the FZD and its host rocks, in a total of seven
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stations (Figure 1a) and 450 samples. Cross sections cover
distances between the first few centimeters to tens of
meters from the contacts. The petrofabric of igneous and
host sedimentary rocks was evaluated by measurement
of anisotropy of magnetic susceptibility (AMS), and its
meaning supported by anisotropy of anhysteretic remanent
magnetization (AARM) analysis and magnetic zone axis
determination. The present study also includes detailed rock
magnetic, structural and microscopic, including scanning
electron microscopy–energy dispersive spectroscopy (SEM‐
EDS), analyses.
[3] Following the pioneering works of Graham [1954]

and Khan [1962], AMS has been successfully applied as a
tool to assess petrofabric of metamorphic [e.g.,Borradaile and

Henry, 1997; Hirt et al., 2000; Silva et al., 2001; Borradaile
and Jackson, 2004; Chadima et al., 2006; Almqvist et al.,
2009], igneous [e.g., Hrouda et al., 1999; Herrero‐Bervera
et al., 2002; Henry et al., 2009], particularly dykes [Knight
and Walker, 1988; Moreira et al., 1999; Callot et al., 2001;
Borradaile and Gauthier 2003; Krasa and Herrero‐
Bervera, 2005; Aubourg et al., 2008], and sedimentary
rocks [e.g., Tarling and Hrouda, 1993; Raposo et al., 2006;
Cifelli et al., 2009].
[4] AMS records the preferred orientation‐distribution

of all minerals (i.e., diamagnetic, paramagnetic, and ferro-
magnetic), due to grain shape anisotropy or crystallographic
control on magnetic properties. Thus, the orientation of
the AMS ellipsoid could represent a potential magma flow

Figure 1. (a) Geographical location of the study area with studied stations. Dashed line represents the
main igneous body; (b) photo of the Foum Zguid dyke (topographic high) with indication of its thickness
and contacts with sedimentary host rocks; (c) photographs of outcrops. Examples from stations FZ1 and
FZ9 illustrate examples of folded bedding close to the contact; FZ2 exemplifies planar bedding orthog-
onal to the dyke; (d) density diagrams of the poles of the preferential planar discontinuities measured
along the dyke margins of the southernmost segment of the dyke between stations FZ1 and FZ9 (stereo-
graphic projection in the lower hemisphere).
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indicator if the rocks have not been later affected by tec-
tonic deformation [Raposo and Berquó, 2008]. Otherwise,
AARM and partial AARM (pAARM), which are sensitive
to the domain state of remanence‐bearing minerals, enables
the identification of the preferred orientation of subpopula-
tions with distinct size and shape. The comparison between
AMS and AARM can be particularly important for the
validation of AMS as a tool to infer petrofabric, because it
removes possible ambiguity in the interpretation related to
inverse fabrics (e.g., switch between maximum and mini-
mum principal axes due to the presence of magnetite single‐
domain (SD) particles) or composite fabrics (related to
different coercivity of minerals) that can record distinct
events during rock formation [e.g., Stephenson et al., 1986;
Jackson et al., 1988; Potter and Stephenson, 1988; Jackson,
1991; Trindade et al., 1999; Borradaile and Gauthier, 2003;
Potter, 2004; Raposo and Berquó, 2008]. Both maximum
principal axis and magnetic foliation have been used to infer
magma flow, but there is still no consensus as to which is
more reliable [e.g., Borradaile and Gauthier, 2006; Callot
et al., 2001; Borradaile and Gauthier, 2007]. The results
from this study indicate that the angle between magnetic
foliation and dyke wall is the more reliable indicator for
magmatic flow.

2. Geological Setting and Sampling

2.1. General Setting

[5] The Foum Zguid dyke in southern Morocco is an
extensive igneous intrusion, which is part of the Central
Atlantic Magmatic Province (CAMP) one of the large
igneous provinces on Earth [Marzoli et al., 1999], related to
the initial break‐up of Pangaea [May, 1971]. The dominant
normal polarity of the remanent magnetization found in
these igneous rocks [Hailwood and Mitchell, 1971;
Hailwood, 1975; Martin et al., 1978; Schott et al., 1981;
Smith, 1987; Knight et al., 2004; Palencia‐Ortas, 2004;
Palencia‐Ortas et al., 2006; Silva et al., 2006a] indicates
that these intrusions were most likely emplaced and cooled
during a single polarity interval. Owing to the Jurassic
reversal frequency in the magnetic polarity time scale [e.g.,
Kent et al., 1995; Nomade et al., 2000; Besse and Courtillot,
2002;], this suggests a short window of time for the intru-
sion of these rocks, which is in agreement with the radio-
metric dating [e.g., Dunning and Hodych, 1990; Sebai et al.,
1991; Baksi and Archibald, 1997; Olsen et al., 2003; Knight
et al., 2004]. That argues for a short period of the CAMP
formation over an area of approximately 7 million square
kilometers, which represents a volume of basalts as large as
that of Siberian or Deccan traps [Olsen, 1999]. The FZD
was first dated at circa 189 Ma by K/Ar on whole rock
[Hailwood and Mitchell, 1971], and later more precisely
dated at 196.9 ± 1.8 Ma by 40Ar/39Ar [Sebai et al., 1991].
[6] The FZD is vertical, NE‐SW trending, and intrudes

Precambrian and Paleozoic rocks of the Anti‐Atlas belt
in southern Morocco [Hollard, 1973; Leblanc, 1974]. The

main igneous body of the FZD (Figures 1a and 1b),
although segmented, can be followed for about 120 km
showing an average thickness of approximately 120 m,
accompanied by thinner (1–20 m thick), subparallel dykes
contemporaneous of the main body [Silva et al., 2006a,
2006b]. No evidence has been found in this or previous
studies [e.g., Marcais and Choubert, 1956] for post-
emplacement reactivation or deformation.
[7] According to Aarab et al. [1994], the tholeiitic magma

of the FZD underwent a significant differentiation trend,
leading to the presently observed gradual transition from
dolerite at the margins to granophyre in the core.
[8] The host sedimentary rocks belong to the Adoudounian

series, close to the southern limit of the Bou‐Azzer El
Graara window in the central Anti‐Atlas Mountains [e.g.,
Leblanc, 1974]. They show variable degrees of contact
metamorphism due to thermally induced recrystallization
and Fe metasomatism [Silva et al., 2006a, 2006b]. Newly
formed hematite is the main product of this Fe metasoma-
tism, and its amount reflects the metasomatic intensity
experienced by the host sedimentary rocks. Therefore the
metasomatism is more intense close to the thickest dyke and
decreases with distance from dyke margins.

2.2. Structural Data

[9] Both dyke and host sedimentary rocks show a pene-
trative planar anisotropy close to the contact. Despite their
geometrical similarity, the anisotropy appears to be different
in igneous and sedimentary rocks. In the igneous rock it is
defined by the alignment of minerals, most probably related
to flow. In the sedimentary rock it is a mixture of fracturing
and a spaced cleavage very close to dyke contact, and a
fracture cleavage further away.
[10] The forceful intrusion of a thick dyke at depth

must induce deformation in the host sedimentary rock.
Two typical situations were found in the FZD: One where
bedding is planar and orthogonal to dyke (stations FZ2,
FZ7, FZ8, FZ11 and FZ12; see example at Figure 1c), and
another where bedding is folded close to dyke contact
(stations FZ1 and FZ9; Figure 1c). This difference in host
rock response to compression is discussed later based on
the magnetic data.
[11] From field observations and the image shown in

Figures 1a and 2, the FZD appears as intruding an extensive
fracture that does not show appreciable slip to make it a clear
fault. Field observation and satellite image interpretation
shows that: 1. The FZD is segmented, with local bifurcated
terminations along the azimuths 8° or 65° (Figure 2a); 2. the
FZD varies in strike, with variations commonly sharp as seen
in Figure 2a and especially in Figure 2b (thinner dyke par-
allel to the FZD); 3. the northern sector of the FZD is char-
acterized by vertical en échelon, sigmoidal, meter to
decameter in thickness, quartz‐filled veins that form
impressive topographic highs (Figure 2c); 4. the quartz veins
along around N‐S (Figure 2c) or 60° in azimuth (Figure 2d),
similar to the bifurcation of the main FZD, which indicates

Figure 2. Satellite images (available from Google) with geological interpretation of the northernmost segment of the dyke
(station FZ12). Dotted ellipses mark quartzite ridges forming topographic highs; white rectangles mark areas zoomed in
Figure 2b and 2d; solid black lines mark the FZD and secondary dyke; dashed black lines in Figure 2d mark the geometry
of the quartz veins. Figure 2c is an area located to NE of Figure 2a, at coordinates 30°44′48.83″N, 6°09′23.63″W.
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that magma and silica‐rich fluids filled similar fractures. The
shape and arrangement of the quartz veins indicate a sinistral
component of shear. This shear fracturing seems to be pre-
intrusive to synintrusive, because the dyke cuts some veins,
whereas other veins are curved into the dyke contact. Our
interpretation is that the FZD magma intruded a crustal‐scale
shear fracture that, at this crustal level, allowed local opening
as attested by the quartz‐filled megaopen gashes. The
deformation close to dyke has a trend different from the
regional older deformation. The attitude of the planar dis-
continuities was measured at both margins, showing that
such planes strike mainly subparallel to the dyke albeit they
dip symmetrically and steeply towards the dyke (Figure 1d).

2.3. Sampling

[12] Oriented samples (450 in total) were collected along
profiles perpendicular to the dyke wall at seven stations
using a gasoline‐powered portable drill. Of those, 322
samples were taken from the dyke itself and 128 from the
host sedimentary rocks (from five of the seven stations
(FZ1, FZ2, FZ8, FZ9 and FZ11); the letters “D” and “S”
added to the site name indicate dyke or sediment, respec-
tively). For two of the stations (FZ7 and FZ12), 30 samples
from the dyke were also collected for rock magnetic and
microscopic analyses. For the thin dykes (station FZ11)
and for 2 of the other stations (FZ1 and FZ2), both margins
were sampled. The contact between dyke and host rock
was always visible and subvertical, and varied in azimuth
between 34° and 70°. Each profile was several tens of
meters long, and the distance from sample to the nearest
contact was accurately measured. This sampling strategy
allowed characterization of the magma flow from wall to
core, and deformation of the host sedimentary rock to
accommodate the forceful magmatic injection.
[13] Exceptions to the average dyke trend and thickness

were found at two stations: 1. FZ2, where the igneous
outcrops form two branches (120 and 20 m thick at sites
FZ2D‐A and FZ2D‐B, respectively) separated by ∼10 m of
sediment; 2. FZ11, where two subparallel dykes, separated
by ∼31 m, bifurcate from a single dyke 50 m vertically
below (the two are 2.3 m (dyke FZ11D‐A) and 13.3 m
(dyke FZ11D‐B) thick.
[14] The sampled host rocks at stations FZ1 (sites FZ1S‐A

and B), FZ2 (sites FZ2S‐A and FZ2S‐B) and FZ8 (site
FZ8S), comprise pelites and fine‐grained quartzites. Similar
to FZ8S [Silva et al., 2006b], the host sediments at FZ1S‐A,
FZ2S‐A and FZ2S‐B record Fe metasomatism, which is
deduced from petrographic observations with respect to
hematite formation. The host rocks at FZ9S are carbon-
ates, interbedded with volcano‐sedimentary rocks. A bed of
carbonates was selected for this study. The two main min-
eralogical features resulting from dyke intrusion observed
in the carbonates are strong silicification and widespread
hematite formation that occur mostly as aggregates (some-
times centimeter sized) or as small grains disseminated in
the carbonate matrix. Submillimeter to millimeter thick
veins of hematite together with crystalline carbonate and
silica were also observed. These veins are either subparallel
to bedding or strike parallel to the dyke margin (despite
some variation in dip). The studied host rocks bordering the
dyke at FZ11D‐A (sites FZ11S‐A/NW and FZ11S‐A/SE on
the NW and SE borders of the dyke) and FZ11D‐B (FZ11S‐

B/NW and FZ11S‐B/SE) are fine‐grained quartzwackes
and greywackes. More details about the sites are given in
the appendix.

3. Methods

[15] AMS was used to assess the petrofabric, and the
principal magnetic susceptibilities, K1 ≥ K2 ≥ K3, were
measured with a KLY3 Kappabridge. Jelínek [1981] param-
eters (corrected degree of anisotropy P′ and shape parameter
T) were used to characterize the magnetic fabric data. The
orientation of the mean magnetic susceptibility ellipsoid
and associated uncertainties was determined by the tensor
variability statistics [Hext, 1963; Jelínek, 1978]. Magnetic
zone axes with the associated confidence zones were
determined by means of the bootstrap technique [Henry,
1997]. The AARM ellipsoid was acquired from 12 posi-
tions according to the design proposed by Jelínek [1993].
The statistical fit to the second‐rank tensor was com-
puted using AREF software (AGICO). Measurements were
done with magnetometer JR6A after an acquisition of an
anhysteretic magnetization with LDA‐3A coupled with
AMU‐1A. The direct magnetic field had an intensity of
300 mT. Results for different coercivities were obtained for
alternating magnetic fields (AF) of 10 or 20 mT (low field,
LF) and 50 or 60 mT (high field, HF), which were chosen
using the coercivity spectrum determined on our samples
[Jackson et al., 1988] after AF demagnetization at 100 mT.
pAARM was determined from these measurements for low
field (pAARMLF‐0 mT), high field (pAARMHF‐LF mT), and
the whole range (pAARMHF‐0 mT) of coercivities, with
AARM axes here defined as P1 ≥ P2 ≥ P3.
[16] Thermomagnetic K(T) measurements were made in

argon‐controlled atmosphere until a maximum temperature
of 700°C, for a total of 40 samples, using a CS3 furnace
coupled with KLY3 Kappabridge. Curie temperatures were
determined using the inverse magnetic susceptibility meth-
odology according to the Curie‐Weiss law [Petrovský and
Kapička, 2006]. For high‐field experiments, a laboratory
made translation inductometer within an electromagnet
was used. Classical hysteresis parameters were determined
after paramagnetic correction. The coercivity spectrum was
evaluated by the acquisition of pARM due to an applica-
tion of a low direct field (300 mT) for 5 mT AF windows
[Jackson et al., 1988].
[17] Scanning Electron Microscopic (SEM) observations

and Energy Dispersive Spectra (EDS) analysis were per-
formed on carbon‐coated rock fragments cut from igneous and
sedimentary rocks. Analyses were done using a Jeol JSM‐
6360LV microscope and a Noran Instrument EDS analyzer,
enabling the identification of the mineral composition, while
Secondary Electron Imaging (SEI) was used to determine
morphology and textural relationships. In order to estimate
the depth of intrusion, chemical analyses were carried out on
amphibole using a JEOL JXA‐8500F microprobe, operating
at 15 kV and 10 nA, with a beam diameter of 5 mm.

4. Microscopy Analyses

4.1. Petrography

[18] The properties and distribution of magnetic carriers in
the igneous rock, which are typically less than 3% of rock
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volume, are strongly dependent on location within the dyke,
and can be correlated with the distinct textures and silicate
mineral association observed along dyke cross sections.
Igneous textures of samples collected at less than 2 m from
the margins typically have a fine‐grained subophitic texture
(chilled margin) with plagioclase laths enclosing anhedral to
subhedral grains of clinopyroxene, orthopyroxene, serpen-
tinized olivine, magnetite, ilmenite, and accessory biotite.
Small (<15 mm), disseminated grains of chalcopyrite are
frequent, and pyrite is rarer (Figure 3a). These samples can
also display porphyritic textures with euhedral to subhedral
olivine (frequently replaced by serpentine or iddingsite),
orthopyroxene and clinopyroxene phenocrysts immersed in
a microcrystalline matrix of plagioclase, pyroxene, olivine,
magnetite, and lesser modal amounts of ilmenite and biotite.
Weak amount of secondary magnetite occurs associated
with pyroxene and olivine oxidation and hydration (Figure
3b). Primary textures from these samples attest to fast
cooling and crystallization of magma (chilled margin) in the
contact with sedimentary host rocks, which is in contrast
with the coarse phaneritic textures found in samples col-
lected at distances greater than ∼2 m from the dyke walls.
The phaneritic samples are characterized by a mesoscopic
igneous banding, displaying a primary mineral associa-
tion dominated by euhedral to subhedral plagioclase,
clinopyroxene, Ti‐magnetite (and possibly chromite), rela-
tively scarce olivine, horneblende, accessory biotite and
granophyre intergrowths of feldspar and quartz. Magnetite
grains can reach 1 mm in diameter and are often charac-
terized by the presence of thick ilmenite sandwich laths
(Figure 3c). The hydrothermal effects related to later stages
of magma cooling (temperatures <400°C) are noticeable
in these rocks, being progressively represented by the
uralitization of pyroxene and, as a consequence, the devel-
opment of horneblende by hydrolysis of plagioclase with the
appearance of sericite, oxidation of primary magnetite and
ilmenite lamellae formation (Figure 3d), further develop-
ment of maghemite on magnetite (Figures 3d–3f), and
partial replacement of biotite and horneblende by chlorite.
The occurrence of skeletal ilmenite in close association
with horneblende is also common (Figure 3g). The host
sedimentary rocks close to dyke contact underwent meta-
somatic transformations induced by the FZD intrusion,
which are dominated by hematite formation [Silva et al.,
2006a, 2006b].
[19] Chemical data obtained on primary hornblende

crystals (Table 1) from the more differentiated rocks
emplaced at the dyke’s core allowed the application of the
geobarometer calibrated by Schmidt [1992] based on horn-
blende Al content (precision of ±0.6 kbar). Assuming a
density average of 2700 kg/m3 for the continental crust,
calculated pressure data correlates to intrusion depths
between 8 and 11 km.

4.2. SEM Observations

[20] Dolerite samples, collected at distances <2 m from
the FZD margins, typically show high concentration of

small euhedral Ti‐iron oxides (∼20 mm), without visible
exsolution textures, (Figures 4a–4d), confirming the obser-
vations with reflected light petrographic microscope. Such
features point to rapid cooling and argue for the pri-
mary origin of the magnetic mineralogy of the dyke along
their margins. Samples located ∼2 m from the contact
start to exhibit higher concentration in large Ti‐iron oxides
(titanomagnetite, >50–100 mm). Iron oxides are pres-
ent either as well‐preserved prismatic crystals (<50 mm,
titanomagnetite; Figure 4f) or as larger corroded lamel-
lar semi‐hexagonal minerals (>100 mm, titanohaematite;
Figure 4h). Epigenetic pyrite is locally found filling frac-
tures (Figure 4g). The magnetic mineralogy of samples
located ∼5 m from the contact comprises coarser Ti‐iron
oxides(>200 mm; Figures 4i and 4j) and rare chalcopyrite
in contact with titanomagnetite (Figure 4k).
[21] Sedimentary rocks far from the dyke contact (>30 m

away) are characterized by ubiquitous fenestral porosity
(20–50 mm in diameter) and by an absence of primary
Ti‐iron oxides (Figures 5a and 5d). Most bright minerals
observed with backscattered electron images correspond to
zircon, plagioclase and paramagnetic iron‐bearing minerals
such as biotite (Figures 5a, 5e, and 5f), while iron oxides
are mostly represented by very fine, spherical, secondary
hematite (<10 mm, pigment) (Figures 5b, 5c, and 5d). Larger
botryoidal iron oxides (>400 mm) are found filling voids
and fenestral porosity. The magnetic mineralogy of sedi-
ments from near the contact with the dyke differs signifi-
cantly from that of samples far from the contact. Fenestral
porosity is absent or hardly distinguishable (Figure 5g).
Monazite, identified by P, La, and Ce peaks on EDS spectra,
together with barite are ubiquitous (Figures 5g and 5i). The
origin of sulfur is most likely in the dolerite. A detrital origin
for monazite is suggested, while barite could precipitate in
the water column (i.e., marine barite), in supersaturated pore
fluids (diagenetic barite) or come from hydrothermalism.
Iron is present as severely altered iron‐bearing minerals
(relic of magnetite?) and hematite pigments (Figures 5h and
5j). Ti‐iron oxides are also found in the form of rutile (TiO2)
and titanomagnetite (Figures 5k and 5l). A primary origin
for the titanomagnetite in Figure 5l is however questionable
since the well‐preserved euhedral morphology of the crystal
is contradictory with the detrital character of the sedimen-
tary rocks. The magnetic mineralogy observed in the sedi-
ments suggests a secondary origin for most iron oxides.

5. Rock Magnetism

[22] Magnetic methods were applied to determine the
main ferromagnetic carriers and their physical properties
along cross sections. Samples from host sediments were
the object of a previous detailed rock magnetic study [Silva
et al. 2006b]. Silva et al. [2004] showed in a preliminary
study of the FZD that there is no significant variation in
the mineralogical composition of the magnetic carriers in
the FZD, though important textural differences were recog-
nized (i.e., size, shape and distribution of the rock forming

Figure 3. Typical textural arrangements resulting from high‐temperature exsolution and/or metasomatic processes. Sam-
ples from sites (a, b) FZ7‐NW2/B; (c, d, e, g) FZ2A‐SE/C; (f) FZ1‐NW/B. Clinopyroxene, chlpy; maghemite, mgh; mag-
netite, mgt; ilmenite, ilm; olivine, olv; serpentine, spt. See section 4.1 text for details.
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minerals, which can be ascribed to cooling processes). Ti‐
low titanomagnetite with a dominant pseudosingle domain
state was determined as the main magnetic carrier. We
present here more extensive and detailed magnetic analyses
on more samples and sites to better constrain the origin of
the magnetic fabric.

5.1. Thermomagnetic Measurements

[23] Most thermomagnetic experiments yielded reversible
cycles (see example of samples FZ7 in Figure 6a) with Curie
temperatures ranging between 490° and 570°C (Figure 6b).
This temperature range indicates Ti‐poor titanomagnetite as
the main magnetic carrier [e.g., O’Reilly, 1984; Dunlop and
Özdemir, 1997; Lattard et al., 2006], as expected for the
doleritic nature of the analyzed rocks and supported by the
microscopic observations.
[24] However, some samples revealed reversibility only

for temperatures lower than 300°–400°C, a temperature for
which an irreversible hump in K intensity was observed (see
example of samples from stations FZ2 and FZ11 in Figure
6a). The cooling run of such samples shows K(T) values
rather lower than those observed during the heating run.
This irreversible behavior probably denotes an inversion
of a meta‐stable magnetic phase, such as maghemite, to
another magnetic phase with lower K, most likely hematite
[Dunlop and Özdemir, 1997]. The slight steplike character
observed for sample FZ11 during the final and fast drop of
K(T) values and the small hump observed for temperatures
around 350°–400°C could also indicate the presence of
a slight oxidation of titanomagnetite, probably due to
maghemitization, as verified from microscopic analyses.

5.2. High‐Field Measurements

[25] High‐field measurements reveal simple hysteresis
loops typical of a single magnetic phase with low coercivity
(Figures 6c and 6d). Such results reinforce the interpretation
of Ti‐low titanomagnetite as the main magnetic carrier
[Lowrie, 1990, and references therein]. The Day plot [Day
et al., 1977] was used to infer the titanomagnetite grain
type, with the standard boxes for single‐domain (SD),
pseudo‐single‐domain (PSD) and multi‐domain (MD), as
redefined by Dunlop [2002]. The majority of data is
bracketed between PSD and PSD/SD transition domains
(Figure 6e), closely following the trend of SD + MD mixture

curves [Dunlop, 2002], with coercivity ratio values mostly
between 1.8 and 3.5 (Figure 6f). This suggests a mixture of
these two end members. For some samples, in particular
from sites with undefined AMS fabrics (see below), a shift
to the right could be due to the presence of accessory
minerals like maghemite and hematite, in addition to the
main magnetic carrier, titanomagnetite.
[26] The coercivity spectrum obtained by pARM acqui-

sition curves (Figure 6g) closely agrees with the results
obtained from hysteresis cycles. According to Jackson et al.
[1988] the occurrence of the main peak on the curve for
applied fields lower than 20 mT is due to a ferrimagnetic
population coarser than 3 mm. For the curve that shows a
decrease of pARM intensity since the lowest applied fields,
grain size of 25 mm or larger is expected for the coarser
grains. For fields higher than 20 mT, the shape of pARM
curves suggests the presence of finer ferrimagnetic grains
that can have a size around 1.0 mm or even be smaller than
0.1 mm (SD population).

6. Rock Magnetic Properties Along Cross Sections

[27] The bulk magnetic properties show the variable
character of the dyke along cross sections. With increasing
distance to dyke wall, variations of the values of saturation
magnetization (Js) and susceptibility (K) occur gradually,
or in the form of an abrupt transition, or as a sequence of
plateaux (Figure 7). Changes of the coercive ratio are related
with dyke thickness and distance to the wall. The thinner
dykes at FZ11 show a slight increase of this parameter with
the distance to the margin, while for thicker segments
the opposite relation is observed (compare the thickness
of hysteresis cycles obtained for the margin and core in
Figures 6c and 6d). Lower values of this parameter are
observed for inner domains of the thicker segments of
the dyke (Figure 6f). The coercivity spectrum obtained by
pARM also points to an increase of the coercivity towards
the core of the main dyke due to a decrease of size of the
coarser population (shift of the peaks to higher applied
fields) and to an increase of the amount of the thinner
population relative to the coarser (Figure 6g).
[28] The obtained Curie temperatures spectra can be

divided into subranges according to the thickness of the
dyke; the thinner the dyke, the lower the average Curie
temperature (Figure 6b). At FZ11, composed of two sub-
parallel branches of the same intrusion, Tc ranges between
490 and 500°C for the thinner dyke (FZ11A with 2.3 m)
and from 520° to 535°C for the thicker one (FZ11B with
13.3 m). For all the remaining stations, located along the
main igneous body (typically presenting a thickness around
100–140 m), Tc values vary between 540° and 570°C, with
the lowest values obtained for domains nearest the margins.

7. Magnetic Fabric

7.1. Dyke

[29] Samples nearest the margins mostly show, within
each site, similar anisotropy ellipsoids, which can be prolate
or oblate depending on site (see examples for prolate shape
in Figures 7d and 7f, and for oblate shape in Figures 7a and
7c); therefore, sites are internally consistent in terms of the
AMS ellipsoid. In contrast, samples located farther from the

Table 1. Representative Hornblende Chemical Analyses From
Samples Emplaced at the Core of the Foum Zguid Dyke

Horneblende Core Core Rim Rim

SiO2 43.44 44.57 44.32 44.49
TiO2 1.42 1.57 1.71 1.41
Al2O3 6.78 6.21 6.40 5.88
FeO 26.46 24.87 25.52 25.50
MnO 0.35 0.27 0.26 0.25
MgO 6.15 6.90 6.96 6.63
CaO 10.31 9.86 9.70 9.38
Na2O 1.96 1.85 1.99 1.96
K2O 0.85 0.77 0.08 –
F 0.73 0.85 0.61 0.70
Total 98.45 97.73 97.56 96.20
Al tota 1.250 1.138 1.172 1.089

aThe Al total was calculated following Schumacher [1997].
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margins are inconsistent because they show prolate and
oblate ellipsoids within the same site (Table 2 and T versus
distance diagrams in Figure 7). Samples nearest the margin
with a well‐marked oblate ellipsoid show a magnetic foli-
ation dipping towards the core of the dyke and K1 well
clustered and plunging subparallel to foliation dip (except
for FZ12D). Samples nearest the margin with a prolate
ellipsoid show K3 somewhat scattered along a plane per-
pendicular to K1, defining a magnetic zone axis subparallel
to K1 (see Table 2).
[30] Further away from the margins, an increase in ori-

entation dispersion of each principal axis is observed (see
FZ1D‐SE/C, FZ2DA‐SE/C, FZ7D‐NW/D, FZ8D‐SE/D,
and FZ9D‐NW/D at Figure 7). Despite some dispersion,

FZ7, FZ8, and FZ9 still show reasonable internal consis-
tency and are therefore used to infer petrofabric. Otherwise,
despite the results obtained for each sample of sites FZ1D‐
SE/C and FZ2DA‐SE are statistically significant, the vari-
ation obtained from sample to sample lead to a random
fabric that cannot be used to deduce petrofabric.
[31] Stereoplots comprising all data from each station

show appreciable dispersion of the principal axes, because
dispersion increases and orientation varies with distance
to dyke wall. Concerning P′, the values are relatively low
(mostly <1.05) and, despite some few sites nearest the
margins where there seems to be some correlation with K
(see variation of K and of P′ for station FZ1 on Figure 7a),
there is no systematic variation of P′ with K (Figure 7).

Figure 4. Scanning electron microscopy (SEM) and energy dispersive spectra (EDS) analysis of FZD
dolerite (see section 4.2 for details).
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[32] Based on orientation and shape of the AMS ellipsoid,
and on magnetic zone axis orientation, it is possible to
classify the samples into three types of magnetic fabric
([Silva et al., 2008]; see Table 2). Magnetic fabric 1 is
characterized by prolate AMS ellipsoids and well defined
zone axis coincident with K1 (Figure 8a). Fabric 2 is char-
acterized by AMS ellipsoids whose shape varies from oblate
to prolate and by poorly defined zone axis (Figure 8b).
Fabric 3 corresponds to oblate ellipsoids and undefined
magnetic zone axes (Figure 8c); the strikes of magnetic
foliation and dyke are similar, but dips are different. Fabric

2 occurs at sites further away from the margins, and fabrics
1 and 3 at sites the nearest to the margins (mostly within
chilled margins).
[33] Sixty seven samples corresponding to different types

of AMS fabric were submitted to pAARM measurements to
better constrain the meaning of the AMS fabric in terms of
petrofabric. Examples of results for each type are presented
in Figure 9. Comparison of the AMS and pAARM fabrics
for some individual samples and for the mean fabrics of 4–6
samples from the same site indicate: 1. For AMS Fabric 1
(Figure 9a), the orientations of AMS and pAARM ellipsoids

Figure 5. Scanning electron microscopy (SEM) and energy dispersive spectra (EDS) analysis of FZD
sedimentary host rocks (see section 4.2 for details).

Figure 6. Rock magnetism results for dolerite. (a) Thermomagnetic behavior of dolerite samples performed under Argon‐
controlled atmosphere; (b) evolution of the Curie temperatures along the cross sections; typical hysteresis loops from sta-
tions (c) FZ7 and (d) FZ12; (e) Day et al. [1977] diagram with limits and mixing curves proposed by Dunlop [2002]; (f)
evolution of the coercivity ratio along the cross sections; and (g) remanent coercivity spectrum obtained from pAARM with
an AF window of 5 mT and direct field of 0.3 mT. Values are normalized by the highest value.
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are different and the magnetic fabrics are sometimes not
coincident for different grain sizes because pAARM axes
for the high coercivity (smaller grains) are closer to the
AMS axes than for lower coercivity (bigger grains) (e.g.,
sample FZ1D‐34, Figure 9a). For site FZ12D‐B a permu-
tation of the principal axes between AMS fabric and the

pAARM fabrics is observed and the pAARM magnetic
foliations are almost perpendicular to the dyke plane. 2. For
AMS Fabric 2, (Figure 9b), K3 and P3 are well clustered and
share the direction of the dyke pole. Significant variations
occur for P1, which can be related to the shape of AMS
ellipsoids. When the AMS ellipsoid is prolate, P1 and K1

Figure 7. For each station are presented equal area stereographic projections (lower hemisphere) with indi-
cation of the maximum K1 (squares), intermediate K2 (triangles) and minimum K3 (circles) magnetic sus-
ceptibility principal axes; evolution of the following parameters with the distance to the contacts: P′,
corrected degree of anisotropy; T, shape parameter; K, bulk magnetic susceptibility; and Js, magnetization
of saturation. Figures 7a to 7f correspond to the main dyke and Figure 7g corresponds to the thinner dykes.
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share the same subhorizontal direction; when the ellipsoid
is oblate, P1 is mostly subvertical; when the ellipsoid is
neutral, two distinct components are sometimes identified
according to the coercivity spectrum. A low‐field coercivity
component (pAARMLF‐0 mT) is associated with a P1

plunging subvertically, while a high‐field coercivity com-
ponent (pAARMHF‐LF mT) shows P1 with the orientation
of K1, and both plunging at very low angle (nicely illus-

trated by samples from site FZ7D‐NW2/B, Figure 9b). This
indicates a control of the fabric by the coercivity, hence
grain size. 3. For AMS Fabric 3, the different examples
display similar orientations of the remanence and suscepti-
bility ellipsoids (Figure 9c). The transition from fabric 3
to fabric 1 is associated with the more prolate AMS ellip-
soids, and corresponds to the development of a composite
magnetic fabric.

Figure 7. (continued)
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7.2. Host Sedimentary Rocks

[34] The K, T, P′ values and the orientation of the magnetic
susceptibility ellipsoid show significant variations along cross
sections, in most cases related to dyke thickness and dis-
tance to dyke wall (Figure 10). Sites FZ1S‐B, FZ2S‐A and
B, and FZ11S‐B/SE and NW show a gradual increase in K
towards the contact, FZ8S shows an opposite correlation,

and the SE margin of the thinner dyke at FZ11S‐A shows
similar values of K all along the profile. The carbonates of
site FZ9S show a large spread in K values (2–3 orders of
magnitude) with no obvious correlation with distance to the
contact. These results point to the presence of a strong
heterogeneity in the concentration of magnetic carriers as
observed microscopically and mesoscopically.

Figure 7. (continued)
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Figure 7. (continued)
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[35] In cross sections where the sedimentary strata are
planar and orthogonal to the dyke (FZ2S and FZ8S), there is
a progressive change in ellipsoid shape and axes orientation
when approaching the dyke contact; from a flat fabric within
the bedding plane, to a prolate fabric with K1 horizontal
(marking the intersection of bedding and dyke plane), then
to an oblate fabric parallel to the dyke plane, and even to a
slightly more prolate fabric with steeper K1 parallel to the
dyke plane very close to the contact. K3 follows a great
circle subperpendicular to the dyke trend. A similar evolu-
tion is observed for stations where bedding is folded near the
contact (stations FZ1S‐B and FZ9S).
[36] Host rocks bordering thinner apophyses of the FZD

show a different behavior. Samples from the NW margin
of the thinner dyke FZ2S‐B show, along the whole cross
section, a similar orientation of the principal axes of the
magnetic susceptibility ellipsoid, defining a subhorizontal
magnetic foliation with a magnetic lineation mostly sub-
parallel to dyke direction (Figure 10). Host rock samples
bordering dyke FZ11D‐B show relatively scattered orienta-

tions of the principal axes of the magnetic ellipsoid for
samples farther away from the dyke; closer to the dyke,
the magnetic foliation becomes parallel to bedding. Samples
from host sediments bordering the thinner dyke FZ11D‐A
show a magnetic foliation subparallel to bedding for sam-
ples located at the NW margin, while samples from the
section across the SE margin present a poorly defined mag-
netic fabric.
[37] The shape changes are accompanied by variations

in the P′ values as: 1. A regular decrease at FZ1S‐B and
FZ2S‐A and B; 2. a regular increase for samples bordering
the two margins of dyke FZ11B; and 3. no coherent varia-
tions for FZ9S. Samples from FZ8S mainly show similar T
and P′ values along the cross sections, while for FZ11S‐A/
SE and FZ11S‐A/NW, T and P′ show variations not related
with distance to the contact.
[38] Far away from the contact (∼400 m, site FZ1S‐A) the

sedimentary beds are only affected by the earlier regional
deformation, comprising mostly open folds with hinges
plunging 10° towards azimuth 118° (Figure 10a). Here

Table 2. Magnetic Properties of Sampled Sitesa

Sites
D/margin

(m)
Dyke

(Az°/dip°) N K ± SD
K1

(D°/I°)
K3

(D°/I°) P′ T
ZA1

(D°/I°)
ZA2

(D°/I°)
a
(°)

b
(°) Fabric

Station FZ1
FZ1D‐NW/A 0.06–0.6/NW 40/90 10 13.1 ± 7.3 18/78 153/8 1.016 −0.34 46/66 24 23 1
FZ1D‐NW/B 0.8–2.0/NW 40/90 12 15.4 ± 4.1 312/77 135/13 1.023 0.45 28/50 14 5 2
FZ1D‐SE/A < 1.5/SE 40/90 2 0.7 ± 0.1 3/40 112/21 1.002 0.64 27 18 3
FZ1D‐SE/B 3.0–5.0/SE 40/90 11 14.3 ± 5.4 92/59 330/17 1.018 0.64 76/41 26 20 2
FZ1D‐SE/C 30–80/SE 40/90 14 19.1 ± 8.8 305/9 210/30 1.019 −0.10 334/45 81 80 ×

Station FZ2
FZ2D/B‐NW 0.1–12.0/NW 48/90 21 13.6 ± 4.7 236/18 144/4 1.021 0.66 237/6 7 6 2
FZ2D/B‐SE 0.3–2.5/SE 70/78 25 17.3 ± 5.5 259/59 155/8 1.026 0.25 60/38 21 5 3
FZ2D/A‐NW/A 0.05–1.2/NW 40/90 13 17.0 ± 1.9 158/51 309/17 1.032 0.58 55/41 17 1 3
FZ2D/A‐NW/B 2.0–4.0/NW 40/90 11 19.0 ± 1.7 55/76 174/7 1.036 0.43 353/83 44 44 2
FZ2D/A‐SE/A 0.1–0.5/SE 40/90 9 7.9 ± 2.6 314/68 134/22 1.013 0.53 265/60 22 4 3
FZ2D/A‐SE/B 0.7–2.5/SE 40/90 18 18.0 ± 4.7 26/59 126/6 1.020 0.54 28/48 7 4 2
FZ2D/A‐SE/C 4.0–35/SE 40/90 12 16.6 ± 8.2 84/71 295/16 1.011 −0.24 124/74 22 15 ×

Station FZ7
FZ7D‐NW1/A 0.09–0.80/NW 34/90 12 19.3 ± 2.8 113/57 306/33 1.027 0.11 174/46 33 2 3
FZ7D‐NW2/A 0.12–0.30/NW 34/90 11 23.1 ± 3.7 125/83 299/7 1.020 0.67 189/69 9 5 3
FZ7D‐NW2/B 0.6–1.5/NW 34/90 10 21.9 ± 3.9 45/22 310/12 1.027 0.11 50/42 13 6 2
FZ7D‐NW2/C 2.0–10.0/NW 34/90 11 11.8 ± 6.6 65/42 155/1 1.016 0.06 263/76 31 31 2
FZ7D‐NW2/D 10.0–20.0/NW 34/90 16 22.6 ± 2.8 51/11 148/36 1.011 0.03 243/8 42 24 2

Station FZ8
FZ8D‐SE/A 0.3–1.2/SE 44/90 13 23.4 ± 1.8 52/56 147/4 1.030 −0.44 51/58 14 13 1
FZ8D‐SE/B 1.5–5.0/SE 44/90 10 24.3 ± 4.1 58/21 323/12 1.015 0.19 52/14 15 9 2
FZ8D‐SE/C 7.0–16.0/SE 44/90 22 26.8 ± 1.8 45/19 305/25 1.011 0.11 40/15 27 9 2
FZ8D‐SE/D 18.0–30.0/SE 44/90 11 26.4 ± 3.2 212/10 312/46 1.013 −0.02 185/30 46 2 2

Station FZ9
FZ9D‐NW/A 0.12–1.0/NW 44/90 14 28.1 ± 5.8 138/79 254/5 1.015 −0.04 112/79 21 20 1
FZ9D‐NW/B 1.0–2.2/NW 44/90 6 18.6 ± 1.0 71/75 322/5 1.027 −0.02 62/70 9 8 2
FZ9D‐NW/C 1.0–2.4/NW 44/90 8 21.0 ± 1.1 8/63 136/17 1.017 0.04 22/52 17 2 2
FZ9D‐NW/D 7.0–21.0/NW 44/90 7 22.9 ± 1.0 7/50 140/30 1.009 0.47 28/37 31 6 2

Station FZ11
FZ11D/A‐NW 0.23–1.01/NW 42/90 20 30.3 ± 3.0 335/55 150/35 1.006 0.67 20/48 39 18 2
FZ11D/A‐SE 0.19–0.60/SE 42/90 8 30.1 ± 3.9 312/30 192/41 1.009 0.06 349/40 68 60 2
FZ11D/B‐NW 0.20–1.65/NW 42/90 12 24.2 ± 3.9 51/29 143/3 1.025 −0.28 53/27 11 11 1
FZ11D/B‐SE/A 0.07–0.50/SE 42/90 7 25.2 ± 4.0 340/21 164/69 1.011 0.51 331/22 72 32 2
FZ11D/B‐SE/B 0.70–5.70/SE 42/90 8 26.1 ± 3.6 252/6 158/35 1.023 0.59 266/22 43 26 2

Station FZ12
FZ12D‐SE/A 0.4–2.0/SE 70/90 21 23.7 ± 3.6 78/6 169/6 1.011 −0.42 78/1 11 9 1
FZ12D‐SE/B 2.0–16.0/SE 70/90 14 23.0 ± 4.8 61/5 329/25 1.020 0.01 232/15 27 11 1

aD/margin, distance in meters of the samples to the nearest dyke margin; Dyke, mean azimuth (Az) and dip degrees of the dyke wall following the right‐
hand rule) N, number of samples; K ± sd, bulk magnetic susceptibility ± standard deviation; K1, mean declination (D) and inclination (I) of the maximum
susceptibility axis; P′, average values of corrected degree of anisotropy; T, average values of shape parameter of the magnetic susceptibility ellipsoid; ZA1,
well clustered zone axis; ZA2, poorly defined zone axis; a, angle between magnetic foliation and dyke plane; b, angular difference in azimuth between K3

and pole of the dyke; Fabric, type of identified AMS fabric; ×, undefined AMS fabric.
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K values are low and constant. The susceptibility ellipsoid
is mainly oblate for a degree of anisotropy ranging from
1.005 to 1.018. K3 is subperpendicular to bedding, even in
fold limbs.

8. Discussion

8.1. Dyke

8.1.1. Dyke Cooling and Origin of Composite Fabrics
[39] Towards the core of thicker segments of the dyke we

found: 1. An increase in Curie temperature; 2. a decrease of
the coercivity ratio; 3. peaks of pARM gradually evolving
toward AF higher intensities; 4. variations of the magnetic
parameters sensitive to the concentration of ferromagnetic
minerals (K and Js), which can occur gradually as abrupt
transitions or as a sequence of plateaux; 5. variations of
the shape of the AMS ellipsoid (T), from oblate or prolate
to a nondefined shape; and 6. variations of orientation and
clustering of AMS principal axes. All these data indicate
that the crystallization of ferromagnetic carriers during the
cooling of the dyke underwent textural and mineralogical
transformations mainly due to metasomatic and oxidation‐
exsolution processes.
[40] High‐temperature exsolution lamellae processes

responsible for the mixture of magnetite‐ilmenite in pre-
existing Ti‐spinels grains promoted an enrichment of low‐Ti
titanomagnetite towards the core of the dyke. This explains
the gradual increase of Curie temperatures towards inner
domains of the dyke. The coercivity ratio and pARM
spectrum, magnetic parameters that are correlated with the
magnetic grain size [Day et al., 1977; Jackson et al., 1988;
Dunlop, 2002], indicate that the amount of small magnetite
grains increases towards the core of the dyke, where coarser

grains can be observed but where oxidation‐exsolution of
ferromagnetic carriers and metasomatic processes acted
more intensely. Solid‐state diffusion of Fe and Ti during
the oxidation‐exsolution process can effectively decrease
the size of the magnetic carrier [e.g., Wilson et al., 1968;
Ade‐Hall et al., 1971]. If the size of magnetite lamellae is
sufficiently small (reaching SD behaviors), a component
with inverse fabric [Stephenson et al., 1986; Potter and
Stephenson, 1988; Rochette, 1988] can start to contribute
to the resulting AMS fabric. Depending on the relative
proportion between a mixture of SD and MD grains the
resulting AMS fabric frequently reflects a fabric not related
to the mineral orientation distribution [Rochette et al., 1999;
Ferré, 2002].
[41] From the evaluation of the coercivity ratio according

to the type of fabric and distance to the contact (compare
Figures 6d and 6e), we verify that fabrics achieved at the
chilled margins (fabrics 1 and 3) show values mostly
ranging between 2 and 4, fabrics achieved for inner domains
(undefined fabrics) between 1.5 and 2.5, and for interme-
diate distances (fabric 2) between 1.8 and 3. The oxidation‐
exsolution complex structures, which occur more intensely
at inner parts of the dyke, could be the explanation for the
presence of composite fabrics of type 2 and the two sites
with undefined fabrics (see Table 2), with resultant shape
variation and inconsistency of the AMS fabric in some
sites. Similar results were obtained for an equivalent dolerite
dyke in Iberia (Messejana‐Plasencia dyke, MPD). Silva
et al. [2008] reported that inverse fabrics [Stephenson
et al., 1986; Potter and Stephenson, 1988; Rochette,
1988], responsible for a significant amount of “abnormal”
fabrics, seemed to be related to exsolution processes that led
to an overall effective decrease of the Ti‐spinel grain size

Figure 8. Equal area stereographic projections (lower hemisphere) exemplifying typical behaviors of
zone axis confidence ellipses: (a) For fabric 1 (example of the site FZ8D‐SE/A); (b) fabric 2 (example
FZ2DA‐SE/B), and (c) fabric 3 (example FZ7D‐NW1/A). Dashed line represents the magnetic foliation
plane. Confidence zones at 95% and 63% from 10,000 bootstrap resampling. Confidence zones of mag-
netic susceptibility principal axes correspond to shaded areas. Squares, triangles, and circles correspond-
ing to the maximum K1, intermediate K2, and minimum K3 principal axes, respectively, of the magnetic
susceptibility ellipsoid.

Figure 9. Equal area stereographic projections (lower hemisphere) illustrating AMS and AARM principal axes for each
type of AMS fabric. Stereographic projections on the shaded area correspond to sites (with N indicating the number of sam-
ples), while the remaining projections are examples of individual samples.
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Figure 9
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Figure 10
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(SD grains). However, coercivity ratio values of the FZD are
mostly between 1.8 and 4, while for MPD mostly between
1.5 and 3.2, indicating that, although present, oxidation‐
exsolution and metasomatic processes underwent by the
FZD were not as intense as for the MPD (a result compatible
with the microscopic analysis). Metasomatic processes,
mainly hydration and hydrolysis, coeval with the later
cooling stages of the dyke, were responsible for the for-
mation of maghemitic fringes and for the presence of sec-
ondary fine‐grained ferromagnetic mineral aggregates from
hydrous‐phyllosilicates. Therefore, such processes can also
contribute to the presence of composite fabrics with con-
sequences for the inconsistency of the AMS fabric in some
sites [Henry and Meurisse, 1978].
8.1.2. Magnetic Fabrics
[42] Scattering of the AMS principal axes is observed in

stereoplots containing all data from each station (Figure 7).
However, when AMS is analyzed site by site along each
station profile, clustering of axes improves significantly,
which means that the fabric orientation depends on distance
to dyke margin. A similar behavior has been observed by
several authors [e.g., Baer, 1995, Hrouda et al., 2002;
Féménias et al., 2004; Silva et al., 2008; Cañón‐Tapia and
Herrero‐Bervera, 2009]. The AMS fabric mostly shows
well‐clustered ellipsoids that define a magnetic foliation
with angular deviations from the dyke plane below 30° (see
a in Table 2). Such a fabric has been assumed as potential
indicator of magma flow under simple shear. However, the
comparison with the pAARM fabric in the present study
revealed the presence of composite AMS fabrics for a sig-
nificant number of sites. This clearly shows that special
caution is needed regarding the use of our AMS results as
a potential tool to infer magma flow.
[43] For Fabric 3, the good agreement between the prin-

cipal directions of AMS and pAARM ellipsoids indicates
the absence of significant composite fabrics. The AMS
fabric is then not related to the coercivity of the ferromag-
netic minerals.
[44] For Fabric 2, the comparison between AMS and

pAARM suggests the presence of two fabrics related to
different coercivities. P3 and K3 share an orientation similar
to the pole of the dyke, but P1 shows a subvertical plunge
for a low coercivity component (coarse grains), and a sub-
horizontal plunge (as K1) for a high coercivity component
(small grains). These results reveal that the use of K1 as a
marker for preferential mineral alignment for fabrics of type
2 can be erroneous. K3 and P3 mark the pole of the mag-
netic foliation. The presence of poorly constrained AMS
fabrics of type 2 for sites far from the margin can be
explained by high‐temperature oxidation‐exsolution and/
or later hydrothermal transformations, as microscopically
observed. Another possibility can be related with a flow that
departs from simple shear.

[45] Fabric 1 presents significant differences between
AMS and pAARM ellipsoids: 1. Contrary to most pAARM
fabrics, AMS ellipsoids are prolate; 2. K3 shows a girdle
distribution, while P3 mostly shares the direction of the dyke
pole; and 3. K1, which is not coincident with P1, has the
orientation of the magnetic zone axis. These results clearly
show that the ferrimagnetic fabric is not related with a sin-
gle preferential orientation, but has a heterogeneous char-
acter that seems to result from the competition between
subfabrics. While a permutation between axes is clearly
observed at FZ12D‐B (which suggests the presence of
an inverse fabric due to SD magnetite), the same is not
observed for sites nearest the margin with this type of
fabric (example of sample FZ1D‐34 in Figure 9a). Domains
nearest the margins underwent changes of the stress field
during the initial stages of the opening and propagation
of the dyke tip, which could give rise to complex strain
regimes promoting the appearance of subfabrics not neces-
sarily aligned (further discussion below in section 8.3).
Therefore, magnetic fabric 1, which is composite, likely has
two distinct origins.
[46] Only fabrics 2 and 3 have been then selected to

interpret the petrofabrics. For fabric 3, the use of K1 or the
imbrication between magnetic foliation and dyke plane to
infer magma flow lead to similar results. For fabric 2, as
indicated above, only imbrication can be used. Both types of
AMS fabric indicate a steeply to subvertical magma flow.
[47] Fabric 1 and partially fabric 2 show strong evidence

of the presence of composite fabrics. Similar results were
recently observed for other dolerite dykes such as the great
MPD in Iberia [Silva et al., 2008] and Cuaró Mesozoic
dyke swarm in Uruguay [Masquelin et al., 2009]. As veri-
fied by this work, and previously proposed by Chadima
et al. [2009], complementary measurements of AARM or
pAARM fabrics could give important clues regarding the
identification of composite fabrics and so help in the char-
acterization of the petrofabric.

8.2. Deformation of Host Sedimentary Rocks

[48] As verified by Silva et al. [2006a, 2006b] for FZD host
rocks, variations in K may result from chemical changes in
mineralogy during the intrusive process. The thicker the
dyke and the closer the samples are to the contact, the
more intense are the mineralogical and textural transforma-
tions due to a thermally induced recrystallization and Fe‐
metasomatism experienced by the host sedimentary rocks.
[49] There is a major difference between the AMS fabrics

observed along cross sections through sediments hosting
thin and thick dykes: The magnetic foliation is parallel to
bedding close to thin dykes and parallel to the dyke close to
thick dykes. Therefore there was no appreciable deformation
(mostly flattening but also folding) mechanically imposed
by the thin intrusions (i.e., magnetic ellipsoid orientation

Figure 10. Evolution of the magnetic fabric in the sedimentary host rocks along cross sections perpendicular to the dyke.
Equal area stereograph projections (lower hemisphere) with indication of (a) the K1 (squares), K2 (triangles), and K3 (circles)
AMS principal axes; dashed line indicating the trend of the dyke plane; arrow indicating the evolution of a principal axes
with the approach to the dyke. (b–h) Remaining graphics show the evolution of K (bulk magnetic susceptibility), P′ (cor-
rected degree of anisotropy), and T (shape parameter), along the cross sections. Data from sites FZ8S and FZ11S were
adapted from Silva et al. [2006a, 2006b].
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Figure 10. (continued)
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remained unchanged, in contrast to the folding and flat-
tening associated with thick dyke forceful injection). The
dyke‐parallel magnetic foliation near the contact with thick
segments of the FZD shows that deformation imposed by
the thick and hot intrusion on the host rock had a great effect
in the development of the magnetic foliation; otherwise this
foliation would be parallel to bedding as in the thin dykes
where temperature dominated over deformation.
[50] A purely thermal (alteration of preexisting minerals)

or mimetic (growth of minerals in the preexisting structure,
the bedding plane) mechanism cannot explain the formation
of this new magnetic fabric with foliation parallel to the
dyke, because this foliation is independent of the initial
sedimentary fabric. Such an evolution is very similar to
the effect of a progressive deformation of sediments due
to a compression direction within the bedding plane [e.g.,
Aubourg et al., 1999]. Dehydration due to heating should
also have induced volume loss, which helped in finding
room for magma injection. The SEM analysis revealed the
vanishing of fenestral porosity for samples nearest the
contact, an indication that such rocks were compacted dur-
ing the intrusive process. The evolution of the magnetic
fabric toward the dyke margin corroborates the presence of
flattening; that is, the progressive evolution from a purely
sedimentary fabric, first to the development of an intersec-
tion lineation with decrease of the global anisotropy and
increase of the prolateness, and finally to the occurrence of
a foliation plane perpendicular to bedding with progressive
increase of the global anisotropy and flattening.
[51] Near the contact with thicker segments of the dyke,

the results obtained for the host rocks record, in addition
to thermal and chemical alterations [Silva et al., 2006a,
2006b], mechanical effects of magma forceful injection
responsible for the accumulation of damage in the host rocks
[Lyakhovsky et al., 1997; Mériaux et al., 1999]. The mag-
netic fabric studies of sedimentary host rocks show that the
emplacement of this dyke was accompanied by important
thermal, mechanical and chemical effects. The host rocks
close to dyke were flattened and/or folded to make room to
magma intrusion. The upward deflection of bedding closest
to dyke indicates an upward movement of the magma.

8.3. Flow and Emplacement

[52] Knight and Walker [1988] observed a good agree-
ment between K1 orientation and independent mesoscopic
flow‐related structures from Hawaiian dykes, and proposed
the use of K1 as an indicator of magma flow. However, this
has proven to be inappropriate under certain circumstances
[e.g., Baer 1995; Callot and Guichet, 2003; Chadima et al.,
2009; Silva et al., 2008]. For instance, K1 can represent an
intersection lineation (subparallel to the magnetic zone axis
as defined by Henry, 1997) due to the superposition of
planar and flow‐related subfabrics, therefore showing sig-
nificant angular deviations from the true magma flow.
Assuming the stability of the magnetic foliation under the
superposition of subfabrics, Geoffroy et al. [2002] proposed
the use of imbrication between magnetic foliation and dyke
plane as a reliable tool to determine flow sense.
[53] Under a simple shear regime, microstructural [e.g.,

Blanchard et al., 1979; Blumenfeld and Bouchez, 1988;
Correa‐Gomes et al., 2001] and AMS studies have shown
that mineral shape preferred orientations commonly make an

angle up to 30° with the dyke wall. When this angle is
greater than 30°, the fabric has been called “abnormal” [e.g.,
Rochette et al., 1999]. However, mechanical effects related
with a flow that can evolve from simple shear near the
margins to pure shear towards the core [Féménias et al.,
2004], may be able to reorient the larger mineral surfaces
to a plane approximately perpendicular to the flow direc-
tion (abnormal fabric). Kratinová et al. [2006] reproduced
similar fabrics from analogue modeling. When a magma
supply exceeds the rate of space creation, forceful magma
emplacement responsible for space creation can also pro-
duce abnormal AMS fabrics [Stevenson, 2009]. The great
majority of the sites show angular deviations within the
limit recognized as “normal” fabrics. Few exceptions are
observed and even for these ones the angular deviations
are mainly due to differences in dip and not in direction
(compare values of a and b in Table 2).
[54] In order to visualize the AMS pattern at the FZD‐

scale, K1 axes from fabric 3 and K3 axes from fabrics 2 and
3 were all rotated to the same reference frame, which is the
average attitude of the dyke (40°/90°, Figures 11a and 11b).
The magnetic foliation strikes on average parallel to the
dyke, but dip varies among sites: towards the dyke core very
close to the dyke border and toward the dyke wall elsewhere
(see Figure 11c). Such a symmetrical imbrication indicates
a vertical movement of the magma. K1 from Fabric 3 is
mostly along the foliation plunge, which in this case is
consistent with the flow inferred from the foliation. The
observed decrease of the magnetic foliation dip from mar-
gin to dyke core suggests the superposition of a pure shear
component on simple shear [Raposo and Ernesto, 1995;
Féménias et al., 2004; Kratinová et al., 2006]. This latter
geometry has been interpreted as indicating upward flow,
which means that the opposite geometry indicates down-
ward flow (achieved very close the margin). However, this
is very unlikely at the depth of emplacement of the FZD
because: 1. The chilled margins show that flow was frozen
very fast close to dyke margins, where flow is supposed to
be mostly upward; and 2. downward flow is inhibited by
the pressure gradient, which tends to close the fracture that
the magma is forcefully injecting. Therefore, alternative
explanations must be sought. It has been shown that rigid
inclusions in a viscous fluid do not always follow the pre-
dictions by Jeffery [1922]. This is the case of mixtures of
simple and pure shears [Marques and Coelho, 2003], slip at
inclusion/matrix interface [e.g., Ildefonse and Mancktelow,
1993; Marques and Coelho, 2001; Mancktelow et al.,
2002; Ceriani et al., 2003; Marques and Bose, 2004;
Marques et al., 2005b; Schmid and Podladchikov, 2004;
Marques et al., 2007] and confined flow [Marques et al.,
2005a], which can produce stable fabrics dipping toward
or opposite to shear sense. It has also been shown that
shearing of mixtures of melt and crystals can produce
foliations that dip towards shear sense [e.g., Batchelor,
1967; Holtzman et al., 2003; Holtzman et al., 2005].
Moreover, due to magma pressure and dyke geometry, the
first stages of intrusion are characterized by changes of the
stress regime responsible for the opening and propagation
of the dyke tip [e.g., Rubin and Pollard, 1988; Rubin, 1995;
Curewitz and Karson, 1998; Mériaux and Jaupart, 1998;
Gudmundsson and Loetveit, 2005]. The mechanisms that
produce a stable foliation dipping towards shear sense can

SILVA ET AL.: MAGMA FLOW AND FORCEFUL INTRUSION B12108B12108

22 of 26



be responsible for an AMS foliation that can be erroneously
interpreted as downward flow in dykes. Other possible
explanations for the origin of the magnetic foliation dipping
toward dyke core are being investigated by our group.

9. Conclusions

[55] From the work here presented it is possible to con-
clude that: 1. High‐temperature lamellae oxidation‐exsolution
promotes an enrichment of low‐Ti titanomagnetite (main
magnetic carrier) and an increase of SD grains towards inner
domains of the dyke. 2. Metasomatic processes, coeval with
later cooling stages, also led to an effective decrease of the
primary ferromagnetic carriers and for the appearance of a

secondary fine‐grained ferromagnetic mineral aggregates
from hydrous‐phyllosilicates. 3. Such high and low tem-
perature chemical processes are responsible for the presence
of composite AMS fabrics. In addition, pAARM measure-
ments reveal that such composite fabrics are controlled
by populations with distinct coercivities. 4. Comparison
between AMS and pAARM reveal that the imbrication
between magnetic foliation and dyke plane is more reli-
able than the orientation of AMS maximum principal axes
(which rather results from an intersection lineation). 5. The
forceful intrusion of this thick dyke induced deformation in
the host sedimentary rocks in two typical ways, homoge-
neous flattening and/or folding of sedimentary strata. AMS
records such mechanical effects as a gradual transition from

Figure 11. Equal area stereographic projections illustrating the evolution of the AMS ellipsoid along the
profiles of K1 (squares) for fabric 3 and K3 (circles) for fabrics 2 and 3. Projections for sites located near
the (a) NW and (b) SE margins. (c) Nonscaled sketch resuming the evolution of the AMS ellipsoids for
dolerite dyke and sedimentary host rocks with the distance to the contact; white dashed lines at the sed-
imentary host rocks represent the planar discontinuities with increasing concentration towards the contact.
Black dashed line within dyke delimits the chilled margin where fabrics 1 and 3 are observed.
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a bedding‐parallel magnetic foliation away from the dyke
to a dyke‐parallel magnetic foliation close to the contacts.
6. Dominant subvertical magma flow near the margins is
representative of the magma flow from mantle to surface
and is consistent with the structures observed at the host
rocks and the magnetic fabric within the dyke borders.
7. The spatial arrangement of quartz veins bordering the
dyke in the northernmost segment and their geometrical
relationship with the dyke indicates a preintrusive to
synintrusive, sinistral component of strike slip.

Appendix A: Description of Host Rocks at Stations
Where Samples Were Collected

[56] Station FZ1 encompasses two profiles, one at site
FZ1S‐A where sedimentary samples were collected far from
the dyke (∼400 m), and the other at FZ1S‐B, close to the
SE contact. At FZ1S‐A, we sampled for the characteristic
sedimentary fabric, though not affected by the intrusive
processes but by the older regional deformation. It con-
sists of open folds with hinges plunging approximately 10°
towards azimuth 118°. At FZ1S‐B host rocks near the
contact are folded, with bedding striking 40° in azimuth
(i.e., subparallel to the dyke trend) and reaching 70° in dip.
Close to the contact the host rocks show penetrative sub-
vertical planar anisotropy subparallel to the dyke (40°/90°;
Figure 1c).
[57] At FZ2S and within 100 m from the dyke, bedding

dips 22° towards azimuth 210°. Two main families of
penetrative planar discontinuities are visible, with attitudes
70°/60°S (azimuth strike/dip) and 220°/86°NW. These
two families of planar discontinuities gradually decrease in
intensity with increasing distance to contact, which is sub-
vertical and trends 40° in azimuth (Figure 1c).
[58] At FZ8S and in the first 6 m bordering the dyke,

bedding cannot be recognized and planar discontinuities are
rare, being limited to scarce subvertical fractures perpen-
dicular to the dyke. Farther from the dyke, bedding becomes
conspicuous, slightly dipping (6°) SE, and some planar
discontinuities systems appear, the most penetrative com-
prising subvertical planes running parallel to the dyke.
[59] At the NW margin of FZ9D and close to the contact,

bedding in carbonates is folded with axial planes subparallel
to dyke and hinge slightly plunging towards NW. Farther
from the contact, bedding dips gently SE as at FZ8S. Two
main families of planar discontinuities were recognized, a
penetrative one with attitude 40°/78° and another one 315°/
75° (Figure 1c).
[60] At FZ11S, bedding dips 8°SW between the two dykes,

5°NE southeast of dyke FZ11D‐A, and is horizontal north-
west of dyke FZ11D‐B.
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