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a b s t r a c t

This contribution illustrates a case study of a pluton (La Gloria pluton; LGP) where magnetic and
magmatic fabrics are locally decoupled. We compare the magmatic fabric with the available magnetic
fabric data to explore their abilities and elucidate the magma flow record of LGP. Results indicate that
magnetic (controlled by multi-domain magnetite) and magmatic fabrics are generally consistent
throughout LGP. Foliations define an axisymmetric pattern that gradually changes from vertical near
lateral margins to less steep in the pluton interior, whereas lineations are subhorizontal following the
elongation direction of the pluton. However, samples at the pluton center show marked differences
between both fabrics: magnetic fabrics indicate subhorizontal magnetic lineations and foliations, and
magmatic fabrics indicate subvertical lineations and foliations.

Both magnetic and magmatic fabrics are interpreted to record strain caused by magma flow during
thermal convection and lateral magma propagation at the transition between low and high crystallinity
stages. We suggest that fabrics acquisition and consistency were determined by shear conditions (pure/
simple shear rates ratio) and the orientation of the magma flow direction with respect to a rigid
boundary (critical crystalline region) of the pluton. Magmatic fabric differs at the center of the pluton
because pure shear is dominant and ascendant flows are orthogonal to the horizontal rigid boundary.
LGP represents a whole-scale partly molten magma reservoir, where both thermal convection and lateral
propagation of the magma are recorded simultaneously. This study highlights the importance of char-
acterizing both fabrics to properly interpret magma flow recorded in plutons.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Petrofabric studies are required to identify textural variations in
plutons and can be performed through both field and/or micro-
scopic observations of mineral foliations and lineations, character-
izing internal structures, usually to find evidence of magma
dynamics (e.g. Hutton, 1988; Paterson et al., 1989, 1998; Bouchez,
1997; Vernon, 2000). Magnetic fabric studies, gained through
anisotropy of magnetic susceptibility (AMS) measurements, typi-
cally complement this petrological and structural work (e.g. de
gía/Centro de Excelencia de
Mining Technology Center,

d de Chile, Santiago 8370450,
Saint-Blanquat and Tikoff, 1997; Launeau and Cruden, 1998; de
Saint-Blanquat et al., 2001; Truba�c et al., 2009; Archanjo et al.,
2012). In plutons, AMS has been interpreted as strain directions
recorded during different rheological behavior of the magmatic
rocks: above-solidus conditions (where the rock is partly melted)
and solid-state conditions (with no melt present, where mostly
brittle deformation textures are expected; e.g. de Saint-Blanquat
and Tikoff, 1997; Archanjo et al., 2008). We distinguish the origin
of the recorded strain according to its main driving force: tectonic
origin refers to exo-magmatic processes that impact to the pre, syn
and post-magmatic system (e.g. a regional fault system acting after
the pluton crystallization); whereas a magmatic origin denotes
processes in which magma is the driving force (e.g. density gradi-
ents of magma). Often, a magmatic origin of AMS fabric is inferred
when the magnetic fabric within a pluton differs from regional
strain and structures (e.g. McNulty et al., 2000; Petronis et al., 2004;
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Stevenson et al., 2007b; Guti�errez et al., 2013). In the case of
magmatic flows arise as a consequence of various processes during
the evolution of a magma reservoir, as the building mechanism of
plutons, internal magma lobes or sheets movilization, syn-tectonic
magma emplacement or convective magmatic flow pattern over-
printing the emplacement-related record (e.g. Horsman et al., 2005;
Parada et al., 2005; de Saint-Blanquat et al., 2006; Stevenson et al.,
2007a; Benn, 2009; Magee et al., 2012; Guti�errez et al., 2013).

Magnetic fabrics have commonly been interpreted as an indi-
cator of the preferred orientation of crystals and correlated with
petrographic fabric (magmatic fabric for plutons) even when the
latter is not macroscopically visible (Bouchez, 1997). However,
contrary to the case of intrusions where magnetic properties are
mainly controlled by ferromagnesian silicates (paramagnetic in-
trusions; de Saint-Blanquat and Tikoff, 1997; de Luchi et al., 2004),
the relationship between magnetic and magmatic fabrics is not
necessarily certain when the magnetic properties are controlled by
Fe-Ti oxides (e.g. Archanjo et al., 1995; Olivier et al., 1997).

The consistency between the magnetic and magmatic fabrics
may be conditioned by “magnetic effects” (Rochette et al., 1992, and
references therein). The occurrence of inverse or intermediate
magnetic fabric (produced by single-domain and pseudo-single-
domain titanomagnetite), the presence of a non-unique magnetic
mineralogy, a sub-solidus re-crystallization of magnetic minerals or
magnetic interaction of minerals could make more complex the
interpretation of magnetic and magmatic fabrics (Gr�egoire et al.,
1995; Lagroix and Borradaile, 2000; Borradaile and Jackson,
2004; Hastie et al., 2011).

Numerical formulation of rotation of elliptical solid-particles
embedded in a viscous matrix proposed by Jeffery (1922) has
been the basis to simulate the magmatic fabric acquisition in
magmas under simple shear strain. Differences between magnetic
and magmatic fabrics can be explained in terms of the morphology
(aspect ratio) of the crystals controlling each fabric and the nature
of the strain affecting the medium (Arbaret et al., 2001; Iezzi and
Ventura, 2002; Ca~n�on-Tapia and Ch�avez-�Alvarez, 2004). The
different response of crystals under strain may results in the exis-
tence of subfabrics in the same mineral group, providing additional
complication on the relationship between magnetic and magmatic
fabrics (�Z�ak et al., 2005, 2007; Hastie et al., 2011). Hence, the strain
patterns recorded in plutons by magnetic fabric need to be com-
plemented with magmatic fabric studies, in order to evaluate the
“magnetic anomalies” and the crystal morphology effects during
the fabric acquisition.

La Gloria pluton (Central Chile, hereafter LGP) represents a small
shallowly emplaced granitic magma body with no sharp internal
lithological contacts (Cornejo and Mahood, 1997). Based on com-
parison between AMS pattern and numerical simulations of the
fluid dynamic during the cooling of LGP, Guti�errez et al. (2013)
interpreted the magnetic fabric as a record of strain caused by
convective magma flows, but without finding evidence of ascen-
dant magma flow at the center of the pluton. In this work, we
pretend to deep into the behavior of crystals during the fabric
acquisition, based on a quantitative description and comparison of
magnetic and magmatic fabrics, in order to constrain the magma
kinematic during the cooling of LGP. We also evaluate the shear
strain condition (pure/simple shear rates ratio) necessary to
generate the obtained magmatic anisotropy, based on numerical
formulations of rotation of rigid particles. This study provides evi-
dences of convective magma flows, including ascendant flows at
the center of the pluton as simulated by Guti�errez et al. (2013). We
suggest that the orientation of both fabrics depends on the inter-
play between the mineral geometry, shear conditions and the
relationship of magma flows respect to the rigid borders. This
interplay could generate concordance or discordance between
magnetic and magmatic fabrics, even, if both fabrics are result of a
unique melt-dominated deformation event, as convective flows of
the cooling of LGP.

2. La Gloria pluton

2.1. Geological setting

La Gloria pluton (LGP) is a 10 Ma (Cornejo and Mahood, 1997;
Deckart et al., 2010) granodiorite/quartz monzonite (with amphi-
bole and biotite), located 35 km east of Santiago, in central Chile
(Fig. 1a). LGP is an N30�Welongatedmagma reservoir with a vertical
exposure of 2.5 km, a width of about 4e6 km, and length of 17 km
(Fig.1b). LGPwasemplacedduring ahighlyactivemagmatic period in
the central Chilean Andes (both plutonic and volcanic; Vergara et al.,
1988), and forms part of anNeS orientated cluster of granitic plutons
(Drake et al., 1982, Fig. 1a). LGP intruded Oligocene to Miocene con-
tinental volcanic and volcanoclastic rocks (Thiele, 1980), and was
emplaced in the core of an anticline at 4e7 km depth (Aguirre, 1960;
Cornejo and Mahood, 1997), during a period of intense compressive
deformation and crustal thickening (Kay et al., 2005). However, LGP
does not exhibit significant field and textural features of post-
intrusion tectonic deformation (Cornejo and Mahood, 1997). Plagio-
clase and amphibole þ biotite occur as slightly oriented euhedral to
subhedral crystals together with anhedral undeformed and non-
aligned interstitial crystals of quartz and K-Feldspar.

2.2. Mineralogical and compositional zonation

Although both vertical and horizontal compositional zones were
distinguished (Fig. 1c; Cornejo and Mahood, 1997), mineralogy and
composition of La Gloria pluton is mostly homogeneous without
well-defined internal contacts, varying only slightly along the main
granitic rock. The lower level of the pluton (roughlyat 1500e2000m
a.s.l.) is a granodiorite and quartz monzodiorite varying laterally to
quartz monzodiorite. Middle levels and borders correspond to
quartz monzodiorite, which grades into quartz monzonite towards
the upper level, near the roof (up to 4000 m.a.s.l.; Cornejo and
Mahood, 1997). Additionally, variations in Hb/(Hb þ Bt), Or/
(Or þ Plag) (Hb: hornblende; Bt: biotite; Or: orthoclase; Plag:
plagioclase) have been recognized in LGP, increasing toward the
borders and upper level (Cornejo and Mahood, 1997). Accessory
minerals include apatite, titanite and Fe-Ti oxides (magnetite-
ilmenite; Cornejo and Mahood, 1997). The crystallization sequence
inferred from textural relations, and consistent with phase stability,
indicates that plagioclase is the earliest mineral, co-crystallizing
with amphibole at late stages, followed by biotite, and finally K-
feldspar and quartz (Cornejo and Mahood, 1997).

LGP represents a relatively simple fossil magma chamber, that
preserves late-magmatic conditions throughout the plutonwithout
internal contacts attributable to multiple intrusive pulses (Cornejo
and Mahood, 1997). Sub-solidus re-equilibration was not pervasive
(except for Fe-Ti oxides), which suggests that the slight composi-
tional variation identified in LGP reflects late-magmatic conditions
(Cornejo and Mahood, 1997). For that reason, LGP represents a
suitable case study to constrain the crystal behavior during strain
events and determine the magmatic and magnetic fabric acquisi-
tion mechanism.

3. Magnetic mineralogy and AMS data

Titanomagnetite is the main magnetic mineral of La Gloria
pluton and can be divided into two groups: 1) a major group of
individual euhedral to subhedral crystals of 0.1e1 mm, which
commonly occur in interstices between silicates crystals (especially



Fig. 1. (a) Geological map of the regional context of La Gloria pluton (LGP) ad cross section showing the relationship with the country rock. Other Miocene plutons are shown: SFB¼ San Francisco Batholith; LOP ¼ La Obra pluton;
MAP ¼ Mes�on Alto pluton; SGP ¼ San Gabriel pluton (based on Thiele, 1980; Fock, 2005; Armijo et al., 2010). Map and profiles are obtained from Becker et al. (2009). (b) Field location of samples from La Gloria pluton (black circles
represent the sample sites for AMS data used in this study). (c) Schematic cross section of La Gloria pluton (location in Fig. 1b) showing the different zones defined by mineralogical and compositional variations (according to Cornejo
and Mahood, 1997). LL ¼ lower level, BZLL ¼ border lower level, ML ¼middle level, BZML ¼ border middle level, UL ¼ upper level. (d) Distribution of magnetic lineations and (e) distribution of magnetic foliation planes of selected AMS
sites for magmatic fabric determination (modified from Guti�errez et al., 2013).
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amphibole and biotite); 2) a secondary crystal group, generally
smaller than the first one, occurring as inclusions into silicate
minerals. They were re-equilibrated during late-magmatic up to
sub-solidus stages, consisting of Ti depleting without evidence of
recrystallization (Cornejo and Mahood, 1997). Magnetic experi-
ments (Curie temperature determination and thermal demagneti-
zation experiments) indicate that Ti-poor titanomagnetite multi-
domain is the main magnetic carrier (see supplementary material
1).

The magnetic fabric of LGP was previously determined by using
low-field anisotropy of magnetic susceptibility (AMS; Guti�errez
et al., 2013). The magnetic fabric is mainly oblate with magnetic
anisotropy values (up to 1.17) higher at the borders than at the
center of the pluton. Magnetic lineations have subhorizontal
plunges and NNW trends and are thus aligned with the main
elongation direction of the pluton (Fig. 1d). Magnetic foliations are
well developed, showing NNW strikes and dips that vary gradually
from subvertical at the lateral borders to subhorizontal in the
center and at the roof of the pluton (Fig. 1e).

The absence of post-intrusion deformation, the relatively low
magnetic anisotropy (<1.15) and the axisymmetric pattern of
magnetic foliations are consistent with a magmatic origin, partic-
ularly during the late-stage convection when the magma became
too crystalline to keep flowing (Guti�errez et al., 2013).
4. Magmatic fabric determination

In order to compare the magnetic and petrographic fabrics,
samples collected at 12 AMS sites (with a similar AMS orientation to
the bulk AMS tensor site)were selected as representative of different
zones within LGP: the border zones near vertical walls (samples 20,
34, 41, 48, 52 and 53), the center at the lower level (samples 3, 4 and
9) and theupper level near the roof (samples 24, 43 and46). The used
method to determine the magmatic fabric was performed for two
mineral groups (plagioclase and amphibole þ biotite), each one
exhibiting different modal proportions (40e60 vol.% and 10e15
vol.%, respectively). Amphibole and biotite crystals were considered
Fig. 2. (a) Thin section planes perpendicular to each magnetic anisotropy axis (Plmax⊥Km

anisotropy axes). Rose diagrams represent the preferred orientation of crystal population
showing measured plagioclase crystals. Crystal orientations are plotted in a rose diagram. (
according to the mineral plane).
as a unique mineral group because both show similar preferred
orientation.
4.1. 2-D and 3-D preferred mineral orientation tensor

Characterization of the magmatic fabric was obtained according
to the following steps: (1) the preferred crystal orientations are
determined for three orthogonal thin sections per sample; and (2)
the petrographic data are combined using an algebraic algorithm to
ultimately produce a 3-D magmatic fabric tensor.

2-D petrographic datawere obtained for each sample from three
thin sections (mineral planes) with orientations perpendicular to
the AMS tensor axes (Plmax⊥Kmax; Plint⊥Kint and Plmin⊥Kmin; where
Pl is a mineral plane, and K is an AMS tensor axis; Fig. 2a). Length,
width and orientation of individual crystals were obtained from
thin sections by image analysis using the 2-D analysis tool of JMi-
croVision software (Roduit, 2008, Fig. 2b). Orientations of each
mineral group with respect to the AMS axes were determined for
each mineral plane by using a bidirectional Bingham distribution
(Stereonet software; Cardozo and Allmendinger, 2013), that is
graphically represented by a rose diagram (Fig. 2b). Similar to
existing methods of preferred shape orientation (Launeau and
Robin, 1996, 2005), 2-D tensor (represented by ellipses) were
defined by the average orientation of each mineral group, repre-
senting the preferred orientation of crystals (algebraic details are
given in supplementary material 2). Tensor axis magnitudes were
weighted by crystal lengths, defining the 2-D magmatic anisotropy
as the ratio between the major and minor ellipse axes, which de-
pends on the proximity of the crystal population to the mean
orientation.

Using the three orthogonal 2-D tensors (ellipses), we found a 3-D
tensor for each mineral group based on the method of Shimamoto
and Ikeda (1976) and Robin (2002) (algebraic details of the
method are presented in supplementarymaterial 2). The 3-D tensor
is represented by an ellipsoidwith axesMmax � Mint � Mmin, where
Mmax corresponds to the preferred crystal length orientation. In
order to characterize the magmatic fabric and compare it with the
ax; Plint⊥Kint; Plmin⊥Kmin; where Pl are the mineral planes and K are the magnetic
characterized by angles fmax, fint and fmin. (b) Photomicrograph (Plmax as example)
Emax
1 : preferred orientation of crystals; fmax: angle respect to the respective AMS axis,
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magnetic data, 3-D magmatic anisotropy parameters were defined
using the same definition of magnetic anisotropy parameters
(Jelinek, 1981): magmatic anisotropy (P ¼ Mmax/Mmin), magmatic
foliation (F ¼Mint/Mmin) and magmatic lineation (L ¼ Mmax/Mint).
The orientation of themagmatic fabric tensor is characterized by the
magmatic lineation, given by the orientation ofMmax, and the plane
of magmatic foliation, normal to the minor axis Mmin.

4.2. Pure and simple shear condition evaluation

Existing numerical formulations that characterizes the rotation
of solid particles embedded in a viscous matrix allow to simulated
the fabric evolution under shear strain (Jeffery, 1922; Ghosh and
Ramberg, 1976). Nevertheless, the strain magnitude and direction
cannot be estimated and compared between different zones of a
pluton as La Gloria pluton, because the shear plane is not recog-
nizable in the samples and solutions are not unique (a strain ellipse
may be generated by combinations of simple and pure strain in
different directions). However, by using the formulation of Ghosh
and Ramberg (1976), we simulated the 2-D magmatic anisotropy
under different ratios of the relative pure and simple shear rates
values and compared the simulated anisotropy with the measured
one from mineral plane. This effectively estimates the maximum
value of the ratio:

Sr ¼ _ε= _g (1)

necessary to obtain the measured magmatic anisotropy in LGP
samples, where _ε and _g are relative values of pure and simple shear
rates, respectively. When Sr¼ 0, it represents a strain with simple
shear without pure shear.

The formulation was applied separately on the three mineral
planes to identify differences of magmatic anisotropy and shear
conditions between their directions, characterizing the three
ortogonal components of the strain that affected each sample. We
considered as input the crystal sizes and aspect ratios measured on
thin sections for plagioclase (roughly 100 crystals per mineral
plane) and amphibole þ biotite crystals (roughly 50 crystals per
mineral plane), all of them initially randomly oriented. Some nu-
merical and experimental studies of particle orientation show that
the anisotropy and preferred orientation tend to stabilize around a
mean value as shear strain is applied (Ildefonse et al., 1997; Ca~n�on-
Tapia and Ch�avez-�Alvarez, 2004). In order to obtain a statistically
representative result of the anisotropy value of stabilization, we
considered that the viscous matrix containing the measured crys-
tals was subjected to long simple shear interval (g from 0 to 250 in
steps of 0.5). Additionally, we considered pure/simple shear ratios
(Sr) of 0, 0.1, 0.25, 0.5, 0.75 and 1. Then, the simulated anisotropy
was compared with themeasuredmagmatic anisotropy in samples,
determining the maximum relative shear strain rates ratio neces-
sary to yield the magmatic anisotropy in each analyzed section.

5. Results: the magmatic fabric of La Gloria pluton

5.1. 2-D petrographic data based on crystal length

2-D magmatic fabric tensors were obtained for each mineral
plane in samples of LGP, considering roughly 100 crystals for
plagioclase (with mean aspect ratio of 2 ± 0.5) and 50 crystals for
amphiboleþ biotite (with mean aspect ratio of 2 ± 0.8) per section.
Results indicate that the mean orientation between both mineral
groups is generally consistent (Fig. 3). Additionally, the preferred
crystal orientations of each mineral group are considered as sta-
tistically representative of the crystal population. Evidences of
subfabrics are not found for plagioclase and amphibole þ biotite,
where the preferred orientations of crystals are consistent grouping
crystals with different size or aspect ratio (see supplementary
material 3).

Mean magmatic anisotropy values are similar for both mineral
groups, but the mean value depends on the mineral plane and the
field location within LGP. Samples near the vertical walls have
similar 2-D magmatic anisotropy values for the three mineral
planes (roughly 1.3; Fig. 4). In contrast, samples located at the
center of the pluton have higher 2-D magmatic anisotropy and
present differences between the mineral planes (particularly for
amphibole þ biotite), giving ~ 1.3, 1.4 and 1.5 for the planes Plmax,
Plmin and Plint, respectively (Fig. 4).

The highest 2-D magmatic anisotropy values and the best fit
between mean crystal length orientations and AMS axes are ob-
tained for the plane perpendicular to the intermediate AMS axis
(Plint), where the maximum (Kmax) and minimum (Kmin) AMS axes
are contained and highest magnetic anisotropy is obtained (Fig. 4).
This is observed because the preferred mineral orientations are
relatively closer to the maximum AMS axis in Plint than other
planes, differing in 2�±27� (a95) for plagioclase and 9�±24� (a95)
for amphibole þ biotite. This indicates that the 2-D preferred
mineral orientations are consistent with AMS data, although some
differences emerge locally. For example: 2-D magmatic anisotropy
is higher in Plmin than in Plmax (Fig. 4), contrary to the magnetic
fabric. Additionally, the mean magmatic anisotropy differences
between the mineral planes are about 0.1e0.2, indicating similar
magnitudes of magmatic lineation and foliation; whereas magnetic
fabric is mainly oblate (anisotropy values are much higher in Plint
and Plmax than in Plmin).

5.2. 3-D magmatic fabric

The 3-D magmatic fabric is characterized for selected samples
through orientation tensors fitted to an ellipsoid for each mineral
group (table in supplementarymaterial 4). Magmatic anisotropy (P)
ranges from 1.2 to 2.5 for plagioclase, and from 1.11 to 2.7 for
amphibole þ biotite, whereas magmatic lineation values are
generally higher than foliation values (L between 1.0 and 2.2 and F
between 1.0 and 1.6; Fig. 5a). The shape parameter values (T)
indicate that the magmatic fabric tensor has mainly a prolate shape
for plagioclase and amphiboleþ biotite. Sample 9 yields the highest
magmatic anisotropy value and is located at center of the lower
level of the pluton, where the macroscopic magmatic fabric is most
obvious.

In order to compare the anisotropy parameters obtained for
plagioclase and amphiboleþ biotite, for each sample, we define the
slope (S) of the straight line that correlates themagmatic parameter
values of amphiboleþ biotite with respect to those of plagioclase in
Fig. 5a. S >1 indicates relatively higher anisotropy values for
amphibole þ biotite, while S<1 indicates higher anisotropy values
for plagioclase. S values are higher than 0.7 for samples located at
the center of the pluton, while samples near the borders have S
values lower than 0.7 (Fig. 5b). This indicates that the magmatic
anisotropy parameter values (specifically P) are relatively higher for
plagioclase than amphibole þ biotite in samples located near the
walls, compared to samples at the center of the pluton.

Orientations of the magmatic tensors change consistently for
plagioclase and amphibole þ biotite, and depend on the field
location of the samples with respect to vertical walls. Samples
located near the borders of LGP present subhorizontal mean line-
ations (considering both mineral groups) with an NNW trend and a
plunge of 22� ± 17� (Fisher confidence angle a95; Fig. 5c); whereas
foliation planes are mainly subvertical and parallel to the walls
(Fig. 5d). However, the magmatic foliation plane orientations are
poorly defined probably because the elongated crystal shapes of



Fig. 3. (a) Photomicrographs (cross-Nichols) oriented with respect to the AMS tensor axes (Kmax, Kint and Kmin) for sample 34 (orientation of mineral planes in Fig. 2a). Some
minerals are labeled (Plag: plagioclase; Bt: biotite; Amph: amphibole; Opaque: opaque minerals, mostly titanomagnetite). (b) 2-D tensors of crystal length orientations (ellipses)
obtained for amphibole þ biotite in each mineral plane. (c) 2-D tensors of crystal length orientations (ellipses) obtained for plagioclase in each mineral plane. AMS axes and main
crystal orientations (eigenvalues: E1) are shown for each 2-D tensor.
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Fig. 4. 2-D anisotropy values given by the preferred orientation of crystal lengths for
plagioclase and amphibole þ biotite. Mean values for each mineral plane are shown
grouping the samples located near the vertical walls (black symbols) and near the
center and the roof of the pluton (white symbols).
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plagioclase and amphibole. Orientations of magmatic fabric in
border samples matchwell withmagnetic fabric orientation, which
yields NNW subhorizontal lineations and vertical foliation planes,
parallel to the margins of LGP (Fig. 5e).

Although some samples at the center of the pluton exhibit
magmatic fabric tensors similar to those at the borders (e.g. sam-
ples 3 and 4), other samples (samples 9, 24 and 46) yield steeper
magmatic lineations than magnetic lineations (Fig. 6). These sam-
ples have lineations with NNW trends and plunge of 80 ± 21�

(Fig. 5c) and magmatic foliation planes mainly subvertical (Fig. 5d).
This orientation is found in the lower zone (sample 9) and the
upper central zone (samples 24 and 46) of the pluton, as well as
along its long axis.
5.3. Crystal length preferred orientation and shear conditions

Results indicate that 2-D magmatic anisotropy tends to oscillate
around a mean value as shear strain is applied on crystal pop-
ulations, producing a range of anisotropy values (Fig. 7a; see Video
1 in supplementary material), which is consistent with previous
studies (Ildefonse et al., 1997; Ca~n�on-Tapia and Ch�avez-�Alvarez,
2004; Arbaret et al., 2013). For each sample, we considered the
lower limit of the 2s interval of the simulated 2-D magmatic
anisotropy as the least statistically possible anisotropy that can be
generated under each shear condition (relative pure and simple
shear ratio Sr; Eq. (1)). The simulated 2-D magmatic anisotropy
increases when a relatively higher pure shear rate is applied to
crystals (higher Sr; Fig. 7b and c). Thus, each mineral group yields a
maximum Sr necessary to generate the measured 2-D anisotropy in
each plane. Because plagioclase and amphibole þ biotite coexisted
when magmatic fabric was acquired, we considered the maximum
Sr value that could affect the crystals (S*r ) in each mineral plane as
the minimumvalue between Sr obtained for both mineral groups. It
is worth noting that for a given sample, the planewith the lowest S*r
represents the direction where simple shear strain mainly controls
the preferred crystal orientation. Thus, the axis normal to the plane
with the lowest S*r represents the maximum stretching direction
during the magmatic fabric acquisition.
Most of the obtained 2-D and 3-D mineral anisotropies are
reached with Sr lower than 0.5 (low pure shear conditions). High
anisotropy samples (9, 53, 34, 24 and 46) correspond to samples
where the highest Sr values (>0.5) are obtained for both mineral
groups. Samples that have vertical crystal elongations (i.e. vertical
Mmax at 9, 24 and 46) have lower S*r values in subhorizontal planes
than at subvertical planes, indicating vertical maximum stretching
zones. This indicates that these samples had a maximum stretching
in a subvertical direction, which is consistent with themaximum 3-
D crystal elongations of both mineral groups. These samples are
located at the pluton interior and/or below the pluton roof. On the
contrary, samples near the vertical walls of LGP tend to present
much lower Sr values, indicating that the magmatic fabric was
recorded mostly under simple shear strain conditions in these
zones, at the expense of pure shear strain.

6. Discussion: the nature of the magmatic and magnetic
fabric

6.1. Comparison between magnetic and magmatic fabrics

The consistency between the magnetic and magmatic fabrics
and the lack of evidence of pervasive brittle and sub-solidus
deformation (see section 2.1), imply that magmatic fabric defined
by plagioclase and amphiboleþ biotite is a record of strain during a
partly molten stage of LGP (above-solidus conditions). In addition,
these minerals occur with anhedral undeformed and non-aligned
interstitial crystals of quartz and K-Feldspar, suggesting that they
crystallized at the final stage of magma solidification and unaf-
fected by deformation near the solidus. The strain recorded by both
fabrics may be caused by: 1) a magmatic origin (e.g. magma con-
vection); or 2) a tectonic origin (e.g. a fault system). Because the
magnetic and magmatic fabrics are consistent with the borders of
the pluton and differ with the regional structural patterns, we
support the first option, interpreting both the magnetic and
magmatic fabrics as a record of the strain produced by magma
flows. The strain was recorded in the rheological locking zone
during the transition between the low and high crystallinity stages
(i.e., in the critical crystallinity region with ~55e60 vol% crystals;
Marsh, 1996), reflecting the last period of magma convection. This
is consistent with the modal content of the analyzed minerals.

Although magnetic and magmatic fabrics are generally coinci-
dent, the consistency between both fabrics does not universally
occur in the pluton interior. For example, samples 9 and 46 at the
center of LGP has a magmatic foliation that is subvertical and a
magnetic foliation that is subhorizontal, whereas the magmatic
lineation is subvertical and the magnetic lineation is subhorizontal
(Fig. 6). We discard inverse magnetic fabrics that could explain the
disparity between both fabrics (Rochette et al., 1992, and references
therein), because termomagnetic experiments suggest that multi-
domain Ti-poor titanomagnetite is themagnetic carrier and there is
no evidence of magnetite recrystallization during sub-solidus
stages. This suggests that the magma flow that would control the
two fabrics may have different characteristics in the center and
near the margins of the pluton, and understanding these charac-
teristics may provide new insights into the magnetic andmagmatic
fabrics acquisition mechanism.

In the case of LGP, differences between magnetic and magmatic
fabrics could represent a primary feature given by the preferred
mineral orientation of plagioclase and amphibole þ biotite, and a
secondary feature given by titanomagnetite alignment. This can
bepossible by thegenerationof anearliernetworkbyplagioclase and
amphiboleþ biotite with a primary fabric, whereas titanomagnetite
in the interstices acquired a later subfabric (e.g. �Z�ak et al., 2008;
Hastie et al., 2011; �Z�ak and Kabele, 2012; Picard et al., 2013).



Fig. 5. (a) Magmatic anisotropy parameters of La Gloria pluton for plagioclase and amphibole þ biotite. (b) Parameter of comparison (S) values, defined for each sample as the slope
of the straight line that fits the anisotropy parameter values in the plot (a), with respect to the distance to the nearest vertical wall. (c), (d) and (e) are stereographic projection
(lower hemisphere equal area) of: (c) magmatic lineations (Mmax), grouped according to location within the pluton (center and border); (d) poles of the magmatic foliation planes
(Mmin); (e) mean magnetic lineations and poles of magnetic foliation planes at the center and the borders of the pluton for samples analyzed in this work (from Guti�errez et al.,
2013). Gray areas represent the a95 confidence angle calculated using the Fisherian statistics.
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However, in that case, plagioclase and amphibole þ biotite crystals
would show evidence of reorientation with plastic and/or brittle
deformation textures produced by the secondary strain event that
yielded themagnetic fabric.We suggest thatmagnetic andmagmatic
fabrics were caused by a unique strain event, where titanomagnetite
and silicates were oriented as independent solid-particles, because
titanomagnetite crystals are mainly present in interstices associated
with the edges of silicate minerals (Fig. 3a).
Differences between magnetic and magmatic fabrics in LGP
could be explained by considering the morphologic characteristics
of the mineral group that define each fabric. Plagioclase, amphibole
and biotite, that define the magmatic fabric, have higher aspect
ratio than titanomagnetite crystals, which control the magnetic
fabric. We evaluated the effect of the aspect ratio of the particles
following the formulation of Ghosh and Ramberg (1976), confirm-
ing the results of existing models of free-rotation of solid particles



Fig. 6. Stereographic projection (lower hemisphere equal area) of the magmatic anisotropy axes, grouped in samples located at the center (lower and upper levels) and the borders of LGP. The magnetic fabric axes of each sample and
the associated site error (a95, gray area) are plotted for comparison (taken from Guti�errez et al., 2013).
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Fig. 7. (a) Example of simulated 2-D magmatic anisotropies for plagioclase and amphibole þ biotite in a mineral plane. Box on the corner represents a scheme of crystal population
and simple ( _g) and pure (_ε) shear applied in simulations. (b) and (c) show an example of the lower 2s interval limit of the simulated 2-D magmatic anisotropy values under different
Sr values for both plagioclase and amphibole þ biotite, respectively. 2-D magmatic anisotropy increases when higher pure shear rates than simple shear rates is applied (higher Sr
values).
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embedded in a viscous matrix under shear conditions, that indicate
that particles with higher aspect ratio tend to orient more easily
than particles with lower aspect ratio (Ghosh and Ramberg, 1976;
Launeau and Cruden, 1998; Arbaret et al., 2001; Ca~n�on-Tapia and
Ch�avez-�Alvarez, 2004) (see supplementary material 5 for details).
When shear strain is applied on theoretical crystal groups with
aspect ratios of 1.01 (orientable isometric crystals), 2.00 and 3.50,
preferred orientations close to the shear plane are obtained for the
three groups (0�, 6� and 11�, respectively). However, the highest
dispersions of crystal orientations are obtained for isometric crys-
tals, obtaining a roughly isotropic fabric (see supplementary
material 5). This suggests that only high aspect ratio minerals are
able to be oriented under simple and pure shear conditions.
Because of the mean measured aspect ratios for plagioclase and
amphibole þ biotite is 2, these minerals would be expected to re-
orient under such shear strain yielding a defined preferred crystal
orientation of crystal population. On the contrary, the preferred
orientation of titanomagnetite crystals (isometric) is unaffected by
shear, yielding a disperse orientation of crystal population.

The dependence of the preferential orientation of crystals as a
function of their morphology suggests that magnetic fabric given
by AMS measurements is controlled by magnetic interaction of
titanomagnetite crystal alignments (Hargraves et al., 1991; Gr�egoire
et al., 1995), but not by orientation of individual crystals. Titano-
magnetite crystal alignments can be controlled by silicate crystal
borders and/or by magma shear strain along a rigid surface acting
as a boundary layer during the pluton cooling (the critical crystal-
linity region; Marsh, 1996). We opt for the second option because
most titanomagnetite crystals are not aligned at the border of sil-
icate crystals. In addition, if titanomagnetite crystals were aligned
around silicate crystal borders, magnetic and magmatic fabrics
would be consistent throughout the pluton. Although ferromag-
netic inclusions inside ferromagnesian silicates can also complicate
the magnetic and magmatic fabrics interpretation (Lagroix and
Borradaile, 2000), the main titanomagnetite population occurs as
individual crystals at interstices between silicate minerals.
Although titanomagnetites in LGPwere re-equilibrated during late-
magmatic stages up to sub-solid conditions, this does not disturb
the crystals distribution that control the magnetic fabric of LGP and
re-equilibration of Fe-Ti oxides took place when magma was too
crystalline to keep flowing.

Another difference between the pluton interior andborder zones
is the nature of the strain that affected the magma during its cool-
ing: pure or simple shear (Sr values, Eq. (1)). Coincidentally, samples
at the center of the pluton with the highest differences between
magmatic andmagnetic fabrics (e.g. samples 9, 24, 46) also yield the
highest magmatic anisotropy values and present the highest pure
shear rate (with respect to simple shear rate) necessary to obtain the
crystal orientation. This condition of relatively high pure shear
strain favored the vertical orientation of crystals with high aspect



Fig. 8. Section of LGP showing the convective magma flow pattern and the magmatic and magnetic fabric. Magma flow pattern is given by convection (black cones proportional to
the flow velocity of the numerical simulation of convection pattern of Guti�errez et al. (2013) and lateral magma migration in the main orientation of LGP. Red arrows represent the
3-D magmatic lineations and blue arrows represent the magnetic lineations. Samples are projected to represent its relative position inside the pluton. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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ratio (plagioclase and amphiboleþ biotite) and probably controlled
the difference between magmatic and magnetic fabric. The nature
of the forces that gave place to both the magnetic and magmatic
fabrics of LGP is discussed in the following section.

6.2. Magnetic and magmatic fabrics as a record of magmatic flow

Differences in the magmatic fabric along LGP provide new
insight into the nature of themagma flow during its cooling. Results
indicate that magmatic fabric is mainly controlled by plagioclase at
the borders of the pluton (yielding higher anisotropy values than
amphibole þ biotite; Fig. 5b), and by plagioclase and
amphibole þ biotite at the center of the pluton (similar anisotropy
values for bothmineral groups; Fig. 5b). This difference is dependent
on the location inside the pluton, and can potentially be related to
cooling rates expected in LGP. Shear strain acted for a shorter in-
terval time near the borders because faster cooling rates are ex-
pected, compared to the center of the pluton. This causes that the
relatively earlier phases (plagioclase for LGP) becomes oriented, but
not later phases as amphibole þ biotite, which crystallized during
the last crystallization period of plagioclase. On the contrary, both
mineral groups determine themagmatic fabric at the center because
the slower cooling rates and longer interval time of shear strain
allow for amphibole þ biotite to acquire a preferred crystal orien-
tation similar to plagioclase. This suggests that the simple shear rate
(higher at the border than at the centerof thepluton;Guti�errezet al.,
2013) is not the only variable to orientate crystals, but also the
magnitude of pure shear, the amount of shear strain, the crystalli-
zation sequence and the cooling rate also play important roles.

Samples near the borders of LGP (and some near the center)
exhibit magmatic and magnetic subhorizontal lineations following
themain elongation of the pluton and subvertical foliations parallel
to vertical walls of the pluton (e.g. samples 4, 34 and 52). This
pattern indicates that both types of fabrics record strain caused by
magmatic flows parallel to the pluton contact in a subhorizontal
direction following the main elongation of LGP. Because of LGP was
emplaced along the core of an anticline with strike hinge axis
similar to the main elongation of the pluton (Figs. 1a and 8), it is
likely that the magma was emplaced horizontally in an NNW-SSE
direction, through the core of the anticline and postdating the
tectonic deformation. This is relationship observed in several cases
by field studies and analogous models of magma emplacement
along thrust and folded belts (e.g. Kalakay et al., 2001; Musumeci
et al., 2005; Montanari et al., 2010; Ferr�e et al., 2012).

In the case of LGP, Mahood and Cornejo (1992) proposed that
upward flows transported high differentiated magma, which could
result in vertical magnetic and magmatic fabrics. However, this
transport occurred as leucogranitic layers with well-defined bor-
ders that could not affect the surrounding fabrics pervasively. On
the contrary, fluid dynamics numerical simulations of LGP repro-
duce the convection pattern given by descending flows at the
borders and an ascending plume at the center of the reservoir,
without any replenishing or feeder magma zones (Fig. 8; Guti�errez
et al., 2013). This proposed model is also supported by the relative
compositional and mineralogical homogeneity of the pluton:
although some compositional zones are identified in LGP (Cornejo
and Mahood, 1997), the pluton has a narrow compositional range
without sharp internal contacts. The strain caused by the magma
convectionwas recorded by the magnetic foliation (Guti�errez et al.,
2013). However, the ascending magma flow at the center of LGP did
not appear to be recorded by magnetic fabric, which instead yields
subhorizontal magnetic foliations at the inner zones of the pluton
(Fig. 5e). Despite this, themagmatic fabric of some samples near the
center of the pluton (samples 9, 24 and 46) provide evidence for
such vertical flow pattern, because: (1) vertical magmatic linea-
tions are obtained at inner zones of LGP; (2) sample 9, located at the
lower part of LGP center, yields the highest magmatic anisotropy
values, consistent with convergent flows (Iezzi and Ventura, 2002),
which are predicted at the base of a convective system (Paterson
et al., 1998; and references therein); and (3) higher S*r values and
vertical maximum stretching directions obtained for these samples
are also consistent with convergent flows at the center of the
pluton. We conclude that the magmatic and magnetic fabrics are
determined by the nature of the shear strain instead by the simple



Fig. 9. Scheme that represents the magnetic and magmatic fabric acquisition mechanism at the lower level of the center and the border of LGP. (a) Rheological domains are
distinguished during the cooling of LGP, respect to the simulated simple convection pattern (Guti�errez et al., 2013): (1) mobile magma, with crystallinity lower than ~55 vol.% (LCZ);
(2) a high crystallinity zone (HCZ) with crystallinity higher than ~55vol.%; and (3) a solid-state domain, where magma was totally crystallized. Both magnetic and magmatic fabrics
are recorded in the transition between the LCZ and HCZ (CCR: critical crystallinity region; Marsh, 1996). Sketches (squares) present a comparison between the magmatic flow
directions and crystals dispositions at border and the lower center of LGP. (b) Sketches of the magnetic and magmatic fabrics acquisition under different shear strain conditions,
depending on the location inside LGP. Near the vertical walls and mainly simple shear strain (with lower pure shear strain) magnetite crystals tend to align parallel to the main
orientation of the elongated crystals. At the center of the pluton, convergent flows yield that elongated crystals tend to orientate vertically and titanomagnetite crystals tend to be
closer conserving the foliation parallel to the horizontal CCR, produced by the cooling advancing front.
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shear rate. This interpretation of magmatic and magnetic fabrics
differences suggest that pure shear has a strong impact in orienting
high aspect ratio minerals (i.e. themagmatic fabric) but a minimum
effect for the titanomagnetite alignment (i.e. magnetic fabric). The
pure shear effect explains the highest magmatic anisotropy at the
center of the pluton.

We suggest that the vertical magmatic and magnetic foliations
along the borders of LGP recorded magma flow with relatively low
pure shear strain, parallel to the expected critical crystallinity zone
that acts as a boundary layer (Fig. 9a). These flows allowed tita-
nomagnetite crystals to be aligned following the orientation of
elongated silicate crystals, because magma flow is parallel to the
rigid surface. On the contrary, at the center of LGP we interpret that
titanomagnetite crystals are horizontally aligned, parallel to the
critical crystallinity region at the base of the pluton; whereas
elongated crystals (plagioclase and amphibole þ biotite) tend to
orient vertically according to the ascendingmagmatic flow (Fig. 9a).
This may be controlled by the interplay of two conditions: 1) the
expected rigid boundary layer at the center of the pluton has a
horizontal disposition, perpendicular to the ascendant magma
flow, allowing titanomagnetite crystals acquiring a subhorizontal
disposition consistent with the cooling front; and 2) the higher
magmatic anisotropy at the center than the borders of the pluton
and the vertical magmatic lineations suggest that the strain was
caused by a convergent flow (Iezzi and Ventura, 2002), where the
pure shear strain was dominant at the expense of simple shear
(samples with the highest Sr values). As simulations of particles
rotation indicate, elongated crystals tend to be strongly orientated
perpendicular to pure shear strain directions (Ghosh and Ramberg,
1976; Iezzi and Ventura, 2002; this work). However, in the case of
titanomagnetite crystal previously aligned horizontally with the
cooling front, the pure shear strain is unable to orientate them
vertically (Fig. 9b). Indeed a geometric analysis of the orientation of
crystal alignments under different applied pure shear strain in-
dicates that horizontal alignments tend to conserve their orienta-
tion (rotation is lower than 20�) when shortening is lower than 50%
(see supplementary material 6).

We propose that magnetic fabric registered the shear strain
along the inward advancing critical crystallinity region, repre-
senting the boundary layer (horizontal at the pluton center);
whereas magmatic fabric records the shear strain related to the
flow directions (vertical at the pluton interior). We suggest that
magmatic and magnetic fabrics differ in plutons where pure shear
is predominant, particularly at the center of the pluton, where
simulated convection indicates convergent and divergent magma
flows perpendicular to the rigid cooling front. Because magma
convection and the associated pure shear at the center of the
magma reservoir depends on the cooling rate, differences between
magmatic and magnetic fabrics are expected to be higher in small
(<10 kmwidth) and shallow (<10 km depth) plutons, where higher
cooling rates are expected.

In La Gloria pluton, the magnetic and magmatic fabrics record
the strain caused by both magma convection (downward wall-side
flows and an upward central flow) and lateral propagation of the
reservoir (following the pluton elongation direction). This suggests
that the pluton construction had a first stage, where LGP was a
whole-scale partially molten magma reservoir with crystallinity
lower than 55e60 %vol., representing entirely an individual active
magma chamber of ~200 km3. The high compositional and
mineralogical homogeneity and the lack of sharp internal contacts
suggest that the reservoir was highly homogenized by magma
flows and stirring (Bachmann and Bergantz, 2008; Huber et al.,
2009), resulting in a simply cooling system. Once the magma
reservoir construction proceeds, both convection and lateral
propagation were registered simultaneously. Several studies have
proposed that plutons are assembled by amalgamation of small
incremental magma pulses as sills and/or dikes (Coleman et al.,
2004; Glazner et al., 2004; Walker et al., 2007). This process was
not recorded in LGP, probably because it was early in the magma
reservoir evolution and the record was erased during the homog-
enization stage. However, pulses may have been injected in a hor-
izontal direction, following the lineation trend, as large-scale
magma flows across the width, controlling the lateral magma
propagation and without disrupting the convection record.

7. Conclusions

Magmatic fabric was determined in numerous samples of the
LGP using 2-D textural data of individual crystals for two inde-
pendent mineral families: plagioclase and amphibole þ biotite.
Based on these textural data, 3-D tensors (ellipsoids) andmagmatic
anisotropy parameters were calculated and compared with the
magnetic fabric of LGP. This work illustrates a case study of a pluton
where magnetic and magmatic fabrics are locally decoupled.

Both fabrics in LGP are commonly consistent presenting folia-
tion plane variations from parallel at the walls to less steep at the
pluton interior. Lineations are commonly subhorizontal following
the main elongation of the pluton. Some samples at the center of
the pluton, having the highest magmatic anisotropy and the higher
relative pure/simple shear rates compared with samples near the
borders, exhibit marked differences of both fabric orientations: in
these samples the magnetic fabric recorded subhorizontal linea-
tions and foliation planes, whereas the magmatic fabric recorded
subvertical lineations and foliation planes. We interpret sub-
horizontal lineations as consequence of lateral migration of the
magma in the main pluton elongation direction (NeNW), and fo-
liations and vertical magmatic lineations as consequence of simple
thermal convection, both recorded simultaneously.

Magnetic and magmatic fabrics were recorded during above-
solidus conditions, recording the last strain caused by magmatic
flows. They were registered mostly at the rheological transition
from fluid to solid behavior along critical crystallinity region
(~55e60 vol% crystals) growing from the edge, which acts as a rigid
boundary layer, toward the pluton interior. We suggest that mag-
netic fabric recorded the shear strain produced by magma flows
along the rigid boundary layer (recording the inward advancing
critical crystallinity region), whereas magmatic fabric indicates the
magma flow direction. Magmatic and magnetic fabrics are decou-
pled at the center of the pluton, because lateral pure shear strain,
caused by convergent magma flows, tends to orient elongated
crystals vertically with high anisotropy compared to other zones;
whereas magnetite crystal alignments remain horizontal, parallel
to the rigid border of the cooling front. These results, together with
previous numerical simulations, support that La Gloria pluton
represents a whole-scale partially molten individual magma
chamber of ~200 km3, where both convection and lateral propa-
gation were registered simultaneously.

We emphasize the importance of characterizing both the mag-
netic and magmatic fabrics in plutons in order to identify properly
magma flow processes during pluton solidification.
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