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S U M M A R Y
Studying the magnetic fabric in volcanic edifices, particularly lava flows from recent eruptions,
allows us to understand the orientation distribution of the minerals related to the flow direction
and properly characterize older and/or eroded flows. In this work, the magnetic fabric from
recent (Quaternary) lava flows (slightly inclined in seven sites and plateau lavas in two sites),
pyroclastic deposits (two sites from a scoria cone) and volcanic cones, domes and plugs
(three sites) from Penguin and Bridgeman islands, located in the Bransfield backarc basin,
are presented. The volcanism in the two islands is related to rifting occurring due to the
opening of the Bransfield Strait, between the South Shetlands archipelago and the Antarctic
Peninsula. The direction of flow of magmatic material is unknown. Rock magnetic analyses,
low temperature measurements and electron microscope observations (back-scattered electron
imaging and Energy Dispersive X-ray analyses) reveal a Ti-poor magnetite (and maghemite)
as the main carrier of the magnetic fabric. Hematite may be present in some samples. Samples
from the centre of the lavas reveal a magnetic lineation either parallel or imbricated with
respect to the flow plane, whereas in the plateau lavas the magnetic lineation is contained
within the subhorizontal plane except in vesicle-rich samples, where imbrication occurs. The
magnetic lineation indicates a varied flow direction in Bridgeman Island with respect to the
spreading Bransfield Basin axis. The flow direction in the plateau lavas on Penguin Island is
deduced from the imbrication of the magnetic fabric in the more vesicular parts, suggesting a
SE–NW flow. The volcanic domes are also imbricated with respect to an upward flow, and the
bombs show scattered distribution.

Key words: Magnetic properties; Antarctica; Magnetic fabrics and anisotropy; Lava rheology
and morphology.

1 I N T RO D U C T I O N

Magnetic fabric is a geophysical approach to unravel the orienta-
tion distribution of grains in rocks, sediments or soils (Tarling &
Hrouda 1993; Borradaile & Jackson 2004, and references therein).
It is a relatively fast technique after sampling a ∼10 cm3 of oriented
material. After measuring the anisotropy of the magnetic suscepti-
bility (AMS, or magnetic fabric), a symmetric second rank tensor
is defined, that can be represented by an ellipsoid. This is defined
by three mutually perpendicular axes (maximum, intermediate and
minimum) and different parameters involving the axes (magnitude

and shape of the ellipsoid) and the orientation of the magnetic el-
lipsoid (Tarling & Hrouda 1993).

Particularly, in magmatic rocks, numerous studies have been car-
ried out using magnetic fabric in order to (i) decipher the strain dur-
ing the emplacement of magmatic bodies in the crust (e.g. Bouchez
1997; Román-Berdiel et al. 1998, 2004; Sant’Ovaia et al. 2001;
Aranguren et al. 2003), (ii) to infer magma flow in dykes (e.g.
Archanjo & Launeau 2004; Stevenson et al. 2008; Soriano et al.
2016; Nagaraju & Parashuramulu 2019) or (iii) to analyse the inter-
nal structure of lavas either to discover the flow direction (Plenier
et al. 2005; Boiron et al. 2013), subsequent deformation/tilting
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(Henry et al. 2003; Fanjat et al. 2012; Pueyo-Anchuela et al. 2014),
or to infer the relationship between the magnetic and the crystal-
lographic fabrics, taking into account the crystallization process
within the flow (Bascou et al. 2005) or the viscosity of the flow
(Hrouda et al. 2005).

The magnetic fabric in lavas can unravel heterogeneous defor-
mation related to rheology, flow dynamics and lava flow-induced
shear strain, which can lead to the development of different mag-
netic fabric types (zones) in the same lava flow (Cañón-Tapia 2004;
Caballero-Miranda et al. 2016, and references therein). The ex-
pected model of the ‘normal’ magnetic fabric in a lava is that the
magnetic lineation coincides with the flow direction whereas the
minimum axis of the magnetic ellipsoid is perpendicular to the sur-
face of the lava flow (Bascou et al. 2005 and references therein).
Other orientations found in different zones of a thick lava flow
explain the apparent contradictions found in earlier works (Cañón-
Tapia 2004), since magnetic lineations (orientation of the long axes
of the magnetic ellipsoid) were found mostly parallel to the flow
direction, but also perpendicular or with other directions (Hrouda
et al. 2005, and references therein). These ‘abnormal’ magnetic fab-
ric have been related to for example, single domain ferromagnetic
grains (inverse fabric), magnetic interactions, location near the lava
boundaries (imbrication as in dykes), steep palaeoslopes or flow
dynamics (Bascou et al. 2005; Fanjat et al. 2012, and references
therein; Caballero-Miranda et al. 2016, and references therein).

The studies of magnetic fabric in recent lavas are useful to iden-
tify single flows in older or partially eroded lava flows (Caballero-
Miranda et al. 2016), and to detect different rates of shear, de-
pending on the position in a flow, therefore enabling inferences to
the local flow direction and aspects related to the velocity field of
each flow (Cañón-Tapia et al. 1997). Other studies suggest that a
better constraint for a basaltic lava flow is by the magnetic plane
(a plane which contains the maximum and intermediate magnetic
axes, Boiron et al. 2013). In general, the flow of the lava relates
to the magnetic foliation plane and the plunge of the magnetic lin-
eation (kmax axes), with near vertical minimum magnetic axes (kmin

axes) and the maximum magnetic axes (kmax axes) near horizontal
positions parallel or perpendicular to the flow (Caballero-Miranda
et al. 2016, and references therein). Therefore, magnetic fabric is
useful when other flow markers are not present and little is known
on the emplacement conditions or source location (Hrouda et al.
2005).

In this work, new magnetic fabric results from Quaternary mag-
matic material from Bridgeman and Penguin islands are presented.
These islands are located in the Bransfield backarc basin, in the
northern part of the Antarctic Peninsula, a particularly signified and
active area of Late Cenozoic Antarctic volcanism. Volcanic studies
in this area have focused mainly on Deception Island (e.g. Bar-
aldo et al. 2003; Maestro et al. 2007; Pueyo-Anchuela et al 2014;
Oliva-Urcia et al. 2015; Smellie et al. 2021), but knowledge about
the magnetic properties of the volcanic rocks in the other islands
is scarce (Pańczyk & Nawrocki 2011) or non-existent. In particu-
lar, the samples analysed and studied from Bridgeman and Penguin
islands consist of seven lava flows on Bridgeman Island, and two
pyroclastic (lapilli, bombs) rocks, three magmatic domes and plugs
and two lava flows on Penguin Island. In combination with standard
rock magnetic analyses (thermomagnetic curves, hysteresis loops
and isothermal remanent magnetization curves), electronic micro-
scope observations have been carried out in order to identify the
main carrier of the magnetic fabric, its orientation distribution and
the interpretation in relation to the geological setting and flow di-
rection of magmatic material. The new AMS data aims to determine

possible flow directions and to exemplify the usefulness of magnetic
fabric for the study of incomplete or eroded older lava flows.

2 G E O L O G I C A L S E T T I N G A N D
S A M P L I N G L O C AT I O N

The volcanism in the Bransfield back-arc basin (also known as
Bransfield Strait or Bransfield Trough) is related to the rifting on
the northern tip of the Antarctic Peninsula, due to the subduction and
roll-back of the former Phoenix Plate towards the south, under the
South Shetlands Block, combined with the eastward motion of the
Scotia Plate along the South Scotia Ridge (Barker 1982; Maldonado
et al. 1994; González-Casado et al. 2000; Galindo-Zaldı́var et al.
2006; Maestro et al. 2007, and references therein, Figs 1 and 2).
The Scotia Plate is enclosed by the Scotia Arc, a megastructure
composed by seamounts, submarine ridges and islands connecting
South America to the Antarctic Peninsula (Barker 2001; Bohoyo
et al. 2019).

Rifting in the Bransfield Basin started in the late Cenozoic
(González-Ferrán 1985) and is still active in the narrow and NE–
SW elongated basin (500 km long, 100 km wide and 2000 m water
depth, Fisk 1990; Catalán et al. 2013). The Bransfield Basin has seis-
mic and volcanic activity, and geophysical data indicate a thinned
crust, hydrothermal activity and a large negative magnetic anomaly
(Gràcia et al. 1996, and references therein). The basin is subdi-
vided into three parts (west, central and east). Recent models using
magnetic and gravity data analyses reinforce that the central part of
the basin ‘is in a rifting in its latest stages or presents an incipient
oceanic crust formed by recent oceanic spreading’ (Catalán et al.
2013 as noted previously in Gràcia et al. 1996; Keller et al. 2002).

There are two subaerial volcanoes near the rift axis in the Central
Bransfield Basin (Bridgeman—in the East—and Deception—in the
West—islands), together with submarine volcanic edifices forming
a discontinuous neovolcanic ridge roughly aligned with the subaerial
volcanic islands (Gràcia et al. 1996; Keller et al. 2002; Fretzdorff
et al. 2004; Catalán et al. 2013). In addition, there are two subaerial
volcanic edifices on the norther margin of the basin (Melville Peak
and Penguin Island) in and near King George Island, respectively
(Fig. 2).

The composition of the Quaternary volcanism in the Bransfield
Basin ranges from basaltic andesite (similar to island arc tholei-
ite), tholeiite (similar to mid-ocean ridge basalt—MORB) to vol-
canic island with basalt-to-trachydacite suite (Keller et al. 2002, and
references therein), that is, a wide compositional spectrum (Fret-
zdorff et al. 2004; Galé et al. 2014). The geochemical variations
are not systematic along the axis of the basin, which suggests a
non-unidirectional propagation of rifting (Keller et al. 2002). Ma-
jor and trace elements allow distinguishing up to three geochemical
groups from the Central and East Bransfield Basin, being the sub-
alkaline group (from basalt to rhyolite), where the low-K series is
the predominant composition (Fretzdorff et al. 2004; Kraus et al.
2013).

Petrology has been previously studied in the two selected Pen-
guin and Bridgeman islands (Pańczyk & Nawrocki 2011; Kraus
et al. 2013, and references therein). In addition, radiometric and
palaeomagnetic analyses have been carried out on Penguin Island
(Pańczyk & Nawrocki 2011). As seen in Fig. 2, Penguin Island is
located north of the present rifting axis but also related to the open-
ing of the Bransfield Basin. It is a small island (1.8 km2) defined
as a stratocone (Deacon Peak, a basaltic scoria cone with a height
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(a) (b)

(c)

Figure 1. Location of. (a) General setting, (b) geotectonic setting and (c) location of the Bransfield Strait and the two studied islands (see also Fig. 2). Modified
from Maestro et al. (2007).

(a)

(b)

Figure 2. (a) Location of the volcanic centres in the Bransfield Basin (base map: GeoMapApp: http://www.geomapapp.org) (after Gràcia et al. 1996). EBB,
East Bransfield Basin; WBB, West Bransfield Basin. (b) Schematic representation of the marked section, simplified from Galindo-Zaldı́var et al. 2006).
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of 180 m above sea level (a.s.l.) and 350 m wide crater contain-
ing a basaltic plug and radial dykes), with a second vent (Petrel
Crater) formed ∼100 yr ago (Pańczyk & Nawrocki 2011). The old-
est sequence of basaltic lava flows (low-potassium, calc-alkaline
sequence) (Marr Point Fm) (Birkenmajer 1980), was dated with
40Ar–39Ar, which gives an estimate age of 2.7 ± 0.2 Ma (Pańczyk
& Nawrocki 2011). Ages from Deacon Peak and Petrel Crater were
obtained by lichenometry, which gives an estimate age of ∼300 yr
for the former and ∼100 yr for the latter (Birkenmajer 1979).

Bridgeman Island measures 900 by 600 m and reaches a height
of 240 m a.s.l. (Kraus et al. 2013). Birkenmajer (1994) defined
this volcanic centre as a Late Pleistocene–Holocene stratovolcano
over a submarine platform. Now it is an inactive volcanic remnant
of a much larger volcanic edifice, eroded and submerged (as Sail
Rock). Some fumarole activity was described during the 19th cen-
tury (Gonza´lez-Ferra´n & Katsui 1970 as compiled in Kraus et al.
2013). Large parts of the island are composed of unconsolidated,
red tephra (Kraus et al. 2013) (Fig. 3).

Geochemical information from Kraus et al. (2013, and references
therein), which is based on major, trace, rare earth elements and
isotopic composition, indicates similarities between the volcanic
edifices of Bridgeman Island and Melville Peak, whereas Penguin
Island is more similar to Deception Island and Sail Rock. Bridgeman
Island shows a wide compositional range between basaltic andesite
and dacite, whereas Penguin Island shows a narrow compositional
distribution that classifies as basalt in the total alkali vs silica (TAS)
diagram (Kraus et al. 2013). These authors found geochemical
fingerprints for eruptions of the volcanic edifices that relate to tephra
layers found elsewhere. In summary, Melville Peak and Bridgeman
Island show Nb/Y ratios lower than 0.1 and Th/Nb ratios larger
than 1.2, whereas Deception and Penguin islands have Nb/Y ratios
between 0.1 and 0.3 and Th/Nb ratios lower than 0.5 (Kraus et al.
2013).

2.1 Sampling location

Seven sites were sampled in basaltic andesite–dacite lavas from
Bridgeman Island (Fig. 3). The thickness of the lavas range from
0.5 to 3 m. On Penguin Island, samples were taken in two pyroclastic
sites of the scoria cone (in bombs, since matrix was not possible
to sample), three sites were taken in magmatic domes and plugs
and two sites in the basaltic plateau lavas of ∼2.5 m in thickness
(Fig. 4) with equally elongated vesicules on top of each lava flow.
Flow direction on Bridgeman Island is assumed to originate in the
centre and it is unknown for the plateau lavas. The volcanic material
in the plug of Penguin Island most probably flowed upwards.

3 M E T H O D O L O G Y

All sites, except PI-5, were sampled with a gasoline powered drill,
cooled with water. PI-5 was sampled by oriented blocks. A total of
8–13 cores were taken at each drilled location and oriented with a
magnetic compass and clinometer (sun compass was not possible
to use). Magnetic compass showed no deviation of the magnetized
needle when approaching sampled site rocks. Magnetic declination
correction of subtracting 10◦ was done in the laboratory. Due to
time limitation, lavas were usually sampled in the centre of the flow,
except in the lavas of Penguin Island, where drilled samples were
taken continuously from the bottom to the top of the two plateau
flows.

Cores were cut to standard palaeomagnetic samples (cylinders of
2.1 cm height, or cubes of 2 cm side for PI-5) obtaining between
12 and 36 standard samples per site (Table 1), and measured for the
anisotropy of magnetic susceptibility (AMS) or magnetic fabric in
the Laboratory of the University of Zaragoza, Spain (Geotransfer
Group-IUCA) with a KLY3S (AGICO Inc.) instrument.

Magnetic susceptibility (k) is the relationship between the ac-
quired magnetization of a material under an applied magnetic
field (k = magnetization/applied field). This property is usually
anisotropic in a rock, and when measured in different directions,
provides the AMS (Tarling & Hrouda 1993).

The AMS is a symmetric second rank tensor which is represented
by an ellipsoid with three axes (kmin ≤ kint ≤ kmax), and defined by
different magnetic parameters and the orientation of the axes. The
most common magnetic parameters are L (kmax/kint) and F(kint/kmin),
the corrected anisotropy degree (Pj, a measurement of how far
from the sphere is the ellipsoid) and the shape parameter (T), be-
ing T = (2n2 – n1 –n3)/(n1 – n3), where n1 = ln kmax, n2 = ln kint,
n3 = ln kmin. Shapes range from oblate (pancake shape, planar fab-
ric) when +1 ≥ T ≥ 0, to prolate (cigar shape, linear fabric) when
−1 ≤ T ≤ 0 (Jelinek 1981). Magnetic parameters and orientation
of the magnetic axes were calculated with the Anisoft software
(Anisoft 4.2, Chadima & Jelinek 2008).

At room temperature the AMS mostly depends on the crystal-
lographic preferred orientation, shape of grains, composition and
sometimes, on the distribution-interaction of magnetic minerals
(Tarling & Hrouda 1993), that is the magnetic fabric describes
the orientation distribution of the magnetic carriers (Borradaile &
Jackson 2004, and references therein).

Low temperature subfabric, that is measurements of the AMS
on cooled samples in liquid nitrogen (77 K), were also obtained
with the same instrument (KLY3S). At low temperature (77 K) the
paramagnetic susceptibility is enhanced following the Curie–Weiss
law [Kp = C/T –θ ; Kp is the paramagnetic susceptibility which
increases with decreasing temperature—T. C is a constant and θ is
the paramagnetic Curie temperature (Tc). In a perfect paramagnetic
material the magnetic susceptibility at low temperature will be 3.8
times higher than at room temperature (Ihmlé et al. 1989). Three to
six samples of seven selected sites were immersed in liquid nitrogen
and cooled down for 1 hour before the first measurement position
was taken, and between changes of measurement positions (three
changes in KLY3S), they were kept for 10 min immersed in liquid
nitrogen (cf. in Lüneburg et al. 1999).

Rock magnetic analyses as temperature dependence of the mag-
netic susceptibility, temperature dependence of the induced mag-
netization, acquisition of the isothermal remanent magnetization
(IRM), remanence coercivity, and hysteresis loops were performed
in order to identify the main carrier(s) of the magnetic fabric. Pow-
dered samples of ∼200–500 mg were analysed. Thermomagnetic
curves measuring the variation of the magnetic susceptibility with
temperature (from room temperature to 700 ◦C) allows obtaining
information about the percentage of paramagnetic material (with
respect to ferromagnetic (s.l.) material) following a hyperbolic de-
cay of the susceptibility with temperature (Petrovský & Kapička
2006). The temperature at which the final decay of the magnetic
susceptibility occurs (Curie temperature for, i.e. magnetite, Néel
temperature for, i.e. hematite), indicates the ferromagnetic (s.l.)
mineral present, since the temperature transition of the ferromag-
netic (s.l.) behaviour to paramagnetic behaviour is characteristic
for every ferromagnetic (s.l.) mineral (Dunlop & Özdemir 1997).
These analyses were carried out in the furnace of the KLY3S un-
der an argon atmosphere to avoid mineral reactions during heating
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Figure 3. (a) Bridgeman Island and sampling areas. (b) Location of sites 1–3, at different scales of BI-1 (c and d), BI-2 and BI-3 (e and f). (g) Location of
sites 4–7, with different zooming of BI-5 (h and i) and BI-7 (j and k).
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(a)

(b)

(c)

(d)

(e)

(g) (f)

Figure 4. (a) Map and cross-section of Penguin Island (simplified from Pańczyk & Nawrocki 2011) and sampling sites (white circles). Red star locates the
sampling for radiometric ages of the Marr Point Fm (Pańczyk & Nawrocki 2011). (b and c) Location of lava sites 6 and 7. (d and e) Different zooming of
location of sites 1–5. (d) Picture near Deacon Peak looking to the SE. (f) Sampled bombs (PI-1). (g) Location of sites in the lava dome (PI-3 and PI-4).
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Table 1. Parameters of the magnetic ellipsoid (AMS at room temperature): site, number of standard samples per site, averaged
magnetic susceptibility (Km) in SI units (and standard deviation), L, F and their standard deviation, corrected anisotropy degree
(Pj) and standard deviation and shape parameter T and standard deviation (calculated with Anisoft 4.2, Chadima & Jelinek 2008).

Site N samples Km SD L SD F SD Pj SD T SD

BI-1 15 1.06E-02 9.56E-04 1.018 0.002 1.023 0.002 1.041 0.003 0.129 0.085
BI-2 12 9.89E-03 9.55E-04 1.012 0.002 1.020 0.004 1.032 0.005 0.249 0.113
BI-3 25 1.25E-02 1.62E-03 1.014 0.003 1.011 0.005 1.026 0.003 –0.147 0.302
BI-4 22 6.77E-03 1.20E-03 1.006 0.001 1.007 0.001 1.014 0.001 0.084 0.001
BI-5 16 1.50E-02 2.26E-03 1.007 0.002 1.012 0.002 1.019 0.002 0.252 0.157
BI-6 12 1.85E-02 2.48E-03 1.015 0.009 1.007 0.002 1.023 0.009 –0.246 0.333
BI-7 21 7.54E-03 1.24E-03 1.004 0.001 1.002 0.001 1.006 0.001 –0.250 0.269
PI-1 12 6.83E-03 3.66E-03 1.024 0.021 1.027 0.022 1.052 0.040 0.075 0.384
PI-2 12 1.05E-02 3.95E-03 1.016 0.025 1.014 0.010 1.032 0.031 0.087 0.380
PI-3 22 1.92E-02 3.90E-03 1.003 0.001 1.009 0.005 1.012 0.005 0.464 0.380
PI-4 20 1.82E-02 5.26E-03 1.002 0.001 1.010 0.004 1.013 0.004 0.591 0.004
PI-5 13 3.93E-02 6.03E-03 1.006 0.002 1.006 0.002 1.012 0.003 –0.009 0.426
PI-6 36 1.41E-02 3.19E-03 1.007 0.003 1.015 0.006 1.023 0.006 0.270 0.360
PI-7 25 9.54E-03 1.27E-03 1.008 0.003 1.011 0.004 1.020 0.005 0.146 0.260

and cooling, with ∼12 ◦C variation of temperature every minute.
The Curie temperature (Tc) is calculated following the Petrovsky &
Kapicka (2006) method, where the Curie temperature is that from
which the inverse of the magnetic susceptibility follows the Curie–
Weiss law; Tc is the lowest temperature end of a linear projection
over a significant temperature range (‘1/χ method’, cf. Lattard et al.
2006). The determination of temperature is done in in Cureval8
software (AGICO Inc.) using the method by Petrovský & Kapička
(2006).

In addition, other rock magnetic analyses were performed in the
Curie Balance, the ultrasensitive variable field translation balance
(MMAVFTB, Petersen Instruments) at the Palaeomagnetic Labo-
ratory of the University of Burgos, Spain to determine: tempera-
ture dependence of the induced magnetization, acquisition of the
isothermal remanent magnetization (IRM), remanence coercivity,
and hysteresis loops. The final decay of the induced magnetiza-
tion in the heating curve of the temperature dependence induce
magnetization analyses also estimates the Curie (Néel) temperature
(following Moskowitz 1981 or the second derivative calculations of
the VFTB software package).

Observations under a Scanning Electron Microscopy (SEM) were
performed in 3 gold-covered thin sections. Visual and backscat-
tered X-ray analyses were performed using a Hitachi S-300CN at
the Interdepartmental Research Service (SIdI) of the Universidad
Autónoma de Madrid, Spain. The polished thin sections were pre-
pared at the General Service of Research Support (SAI) of the
University of Zaragoza in Spain.

4 R E S U LT S

4.1 Magnetic fabric at room temperature

The average of the magnetic susceptibility at room temperature per
site ranges from 6.77 e-3 SI (BI-4) to 3.9 e-2 SI (PI-5) (Fig. 5 and
Table 1). L and F values, as the shape parameter T indicates that
oblate shapes of the magnetic ellipsoid dominate in both islands,
although in Bridgeman Island, prolate shapes are also present at
three sites (BI-3, 6 and 7). The closer values to zero in the T values
indicate that the ellipsoid is neutral, which includes the spherical
shape (slightly oblate shapes for positive values, or slightly prolate
shapes, for negative values). L ranges from 1.002 (PI-4) to 1.024
(PI-1), F ranges from 1.002 (BI-7) to 1.027 (PI-1), whereas Pj

ranges from 1.006 (BI-7) to 1.052 (PI-1) and T ranges from −0.250
(BI-7) to 0.591 (PI-4) (Fig. 5 and Table 1).

The stereographic projection of every site in Bridgeman Island
(Fig. 6 and Table 2) reveals that all axes are well clustered. In
addition, the magnetic lineation (kmax axes) does not cluster on
the lava flow plane (except for sites 5 and 6). Magnetic lineation
is found imbricated respect to the lava flow plane and in general
terms, the magnetic lineation clusters following the same direc-
tion of the maximum dip of the lava flow plane, which varies
between 35◦ and 10◦, and the minimum axes cluster close to the
pole of the lava flow plane (except in BI-3 and BI-4). Interest-
ingly, between BI-2 and BI-3, which are located in the same lava
flow, there is an interchange of intermediate and minimum axes
with a change in the shape of the magnetic ellipsoid, from oblate
(BI-2) to prolate (BI-3). As seen in Fig. 3, BI-3 shows a reddish
coloration.

On Penguin Island the two sampled plateau lavas have subhori-
zontal planes (Figs 4b and c). Samples were taken along a vertical
profile in the lavas. For an oblate magnetic ellipsoid, the magnetic
lineation clusters in a NW–SE direction, close to the horizontal
plane, whereas the pole to the magnetic foliation (kmin axes) clus-
ters near a vertical direction (Fig. 7a). Near the top of the two
plateau lavas, vesicles are more abundant; some samples in this part
reveal a slightly imbricated magnetic fabric (kmax axes tilted and
kmin axes not at the vertical position), more clearly at the top of PI-7
(scoriaceous), see top of Fig. 4(c).

The magnetic fabric in the volcanic domes and plugs shows a
girdle distribution of kmax and kint axes on a plane slightly tilted
towards the NE (Fig. 7b). Finally, the magnetic fabric of the bombs
(centimetric in PI-1 and decimetric in PI-2) sampled in the sco-
ria cone of the summit crater shows a disordered distribution, as
expected in pyroclastic deposits (Fig. 7c).

4.2 Magnetic fabric at low temperature

4.2.1 Bulk magnetic susceptibility at low temperature

The low temperature (LT) magnetic susceptibility increases moder-
ately with respect to the room temperature (RT) magnetic suscepti-
bility AMS: less than 1.5 (Fig. 8), and in two samples from PI-3 and
site PI-5 there is a decrease (LT/RT ratio less than 1) suggesting that
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(a)

(b)

(c)

Figure 5. Magnetic parameters (average and standard deviation per site) of the two sampled islands. (a) Flinn diagram (L and F parameters). (b) Shape
parameter (T)-Corrected anisotropy degree (Pj) diagram. (c) Bulk magnetic susceptibility (Km in SI)-Corrected anisotropy degree (Pj) diagram.

AMS is carried mostly by ferromagnetic (s.l.) minerals (i.e. mag-
netite, Ti-magnetite) with an influence of paramagnetic minerals
(i.e. olivine, pyroxene). A high contribution of diamagnetic min-
erals (i.e. plagioclase) to the AMS is discarded since diamagnetic

susceptibility does not vary with temperature (Tarling & Hrouda
1993). Therefore if paramagnetic minerals were the main carri-
ers, the increase at LT of the bulk magnetic susceptibility should
be higher than the constant contribution of diamagnetic minerals
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Figure 6. Lower hemisphere stereographic projection of the magnetic axes in each site of Bridgeman Island. The orange great circle is the projection of the
lava plane and the orange small circle represent the pole to the lava flow plane.
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Table 2. Orientation of the magnetic ellipsoid axes and confidence angles [declination (D) and inclination
(I) in geographic coordinates] (Anisoft 4.2. software).

Site kmax (D/I) conf. angle kint (D/I) conf. angle kmin (D/I) conf. angle

BI-1 55.9/10.1 11.5/8.9 325.3/3.3 10.8/7. 217.6/79.4 12.5/5.6
BI-2 240.1/8.5 27.3/7.3 148.6/10.1 26.2/9.5 18.5/76.7 14.3/6.2
BI-3 51.2/3 8.3/4.8 313.1/69.7 16.3/6.6 142.3/20 16/3.8
BI-4 272.1/10.8 6.7/5 9/32.4 9.5/6.2 166/55.4 10.1/3.6
BI-5 302.4/5 9.2/6.8 33.1/8 9/5.1 180.6/80.6 7.9/4.5
BI-6 106.4/24.7 17.3/5.2 13.5/6.1 17.6/9.3 270.6/64.5 10.4/4.4
BI-7 9/8.1 28.5/12.2 100/6.9 27.7/16.1 230.1/79.3 17.8/13.3
PI-1 119.7/21.3 73.8/20.4 211.9/5.4 73.8/33.4 315.4/67.9 33.7/20.9
PI-2 337/54.1 66.4/31.9 123.8/31.2 80/50.2 223.7/15.9 80/59.4
PI-3 46.9/40.3 24/7.1 137.7/0.9 24/14.7 228.7/49.7 14.9/6.9
PI-4 83.7/20.5 17.2/7 340.3/31.8 18.8/12.6 200.8/50.7 16/4.1
PI-5 177/20.4 15.3/11.5 80.2/17.5 28.4/13.5 312.8/62.6 29.7/7.8
PI-6 163.7/13 32.4/10.8 68.6/20.8 32.5/17.1 283.6/65.2 17.4/10.6
PI-7 125.8/3.1 25.7/17.7 215.8/0.4 21.4/13.2 312.6/86.9 23.7/11.5

(a)

(c)

(b)

Figure 7. Lower hemisphere stereographic projection of the magnetic axes in each site of Penguin Island. Sites are grouped depending on the magmatic
material, (a) lava, (b) dome and (c) bombs of the pyroclastic deposits in the summit scoria cone.
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Figure 8: Magnetic susceptibility at room temperature (RT), horizontal axis and at low temperature (LT), vertical axis.

which it is not shown in the results of Fig. 8 (Biedermann et al.
2014, 2015, 2016). In addition, the magnetic susceptibility of these
diamagnetic minerals is weak when compared to other rock form-
ing minerals; 1.53 × 10−9 m3 kg−1 (Biedermann et al. 2016, and
references therein).

4.2.2 Magnetic fabric at low temperature

The orientation of the magnetic fabric at low temperature is sim-
ilar to the one at room temperature or more scattered (as in PI-3)
suggesting that paramagnetic minerals share the orientation of the
magnetic fabric at room temperature (Fig. 9 and Table 3).

4.3 Rock magnetic analyses: magnetic carrier(s) and
interpretation

4.3.1 Thermomagnetic curves (KLY3S)

The thermomagnetic curves analysed in the KLY3S [magnetic sus-
ceptibility (k) versus temperature, Figs 10 and 11] are not com-
pletely reversible, indicating that the ferromagnetic mineral is not
stable during the measurements (not stoichiometric) although BI-1,
BI-3 and PI-6 show the most reversible behaviour. The final de-
cay of the magnetic susceptibility in the heating curve coincides
with the increase of the magnetic susceptibility in the cooling curve
around 580–606 ◦C (Table 4) except in BI-6, where the increase of
the magnetic susceptibility in the cooling curve occurs at a lower

temperature than the final decay of the magnetic susceptibility in
the heating curve, and it is slightly smaller in BI-4. All curves show
higher magnetic susceptibilities after the procedure except for BI6.
Samples BI-1, BI-3 and PI-6 show the most reversible behaviour
(see factor A50 Table 4), adapted from the alteration numerical ap-
proach of Hrouda (2003) where A50 = 100 × (k50 –K50)/K50; being
k50 (K50) the magnetic susceptibility at 50 ◦C in the cooling (heat-
ing) curve respectively. However, in BI-6 and PI-4 the maximum
differences of magnetic susceptibility between the heating and cool-
ing curves do not occur at 50 ◦C but at higher temperatures, at 564
and 410 ◦C, respectively (shown in brackets in Table 4).

These curves allow determining the ferromagnetic mineral
present due to the magnetic ordering that changes to a paramag-
netic behaviour at a certain temperature (Curie for ferrimagnetic
minerals, i.e. magnetite- or Néel -for antiferromagnetic minerals,
i.e. hematite-), which is different for every ferromagnetic (s.l.) min-
eral. The Tc is very sensitive to the Ti content on the iron-oxides
(Lattard et al. 2006) the level of oxidation and the level of impurities
present, therefore lowering the Tc as the content of Ti and impurities
or the oxidation level increases (Dunlop & Özdemir 1997).

The calculated Tc is 580–606 ◦C, close to the Tc of Ti-poor
magnetite (580 ◦C), Ti-poor maghemite (formed for example due to
low temperature oxidation of magnetite) or Ti-hematite. In addition,
the curves do not show paramagnetic behaviour, that is they do not
show a hyperbolic decay on the heating curve. Some heating curves
show a narrow increase before the final decay (Hopkinson peak)
at the Tc (i.e. BI-1, BI-2, BI-3, BI-6, PI-6 and PI-7 samples). The
Hopkinson peak flanks other phase transition such as the Verwey
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Figure 9. Lower hemisphere stereographic projection in geographic coordinates of selected sites of the magnetic fabric at low temperature (left-hand side),
and the same samples at room temperature (right-hand side) for comparison. The orange circle for the BI sites is the projection of the lava plane.

transition of magnetite at low temperature (Tv: 110–120 K = ∼
−153 to ∼ −163 ◦C), this transition occurs as magnetite transforms
from monoclinic to cubic spinel structure. Tv can vary with the
Ti content and oxidation level as the Tc does (Özdemir et al. 1993;

Dunlop & Özdemir 1997). The height of the Hopkinson peak before
the Curie point is related to the grain size of magnetite (narrower
and larger for smaller grains and no peak for larger grains; Dunlop
2014, and references therein).
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Table 3. Magnetic fabric parameters and orientation of axes in sites measured at low temperature (LT) and the same samples at room temperature (RT). Legend
as in Tables 1 and 2. When confidence angles (conf. ang.) cannot be calculated, mean vector with α95 is.
Site N samples Km SD L SD F SD Pj SD T SD kmax conf. ang. (α95) kint conf. ang. (α95) kmin conf. ang. (α95)

PI-7-LT 6 1.31E-02 1.26E-03 1.012 0.006 1.012 0.003 1.024 0.008 0.048 0.307 117/18 15.1/9.1 208/4 18/9.2 309/71 20.3/11.3
PI-7-RT 6 9.80E-03 8.05E-04 1.010 0.004 1.009 0.002 1.019 0.004 0.000 0.250 118/16 14.7/8.5 211/9 12.6/6.1 330/71 17.0/6.0
PI-3-LT 5 2.24E-02 4.89E-03 1.010 0.007 1.014 0.009 1.025 0.012 0.174 0.519 99/15 57.6/32.2 358/35 57.5/18.8 208/51 35.2/20.9
PI-3-RT 5 2.23E-02 2.39E-03 1.002 0.001 1.010 0.006 1.014 0.006 0.546 0.365 50/43 10.5/5.1 318/3 10.1/5.2 235/47 6.6/4.4
PI-5-LT 4 2.78E-02 5.28E-03 1.010 0.005 1.017 0.006 1.027 0.009 0.270 0.290 30/43 67.5 210/66 — 0/83 —
PI-5-RT 4 4.33E-02 5.27E-03 1.005 0.002 1.004 0.002 1.010 0.001 -0.037 0.467 170/20 11.7 71/22 15.9 297/60 20
BI-2-LT 6 1.33E-02 7.06E-04 1.015 0.002 1.018 0.003 1.031 0.004 0.198 0.104 241/10 29.9/6.9 149/13 28.7/11.6 6/74 14.4/8.5
BI-2-RT 6 9.79E-03 9.62E-04 1.015 0.002 1.023 0.002 1.038 0.002 0.216 0.002 151/9 33.1/6.4 150/12 32.2/4.4 9/75 13/6
BI-3-LT 6 1.65E-02 1.99E-03 1.022 0.006 1.015 0.006 1.039 0.003 -0.182 0.279 49/2 6/4.3 313/71 16.8/5.4 140/19 16.8/4.9
BI-3-RT 6 1.22E-02 1.71E-03 1.014 0.003 1.011 0.005 1.025 0.003 -0.159 0.341 51/1.3 6.4/1.3 316/74 14.2/6 141/16 14.3/4
BI-5-LT 3 2.18E-02 2.91E-03 1.008 0.001 1.017 0.004 1.026 0.005 0.284 0.107 305/11 9.5 35/7 9.9 160/77 12.7
BI-5-RT 3 1.58E-02 2.82E-03 1.007 0.001 1.013 0.002 1.020 0.002 0.323 0.096 306/10 13.4 38/8 11.5 165/78 12.6
BI-1-LT 4 1.60E-02 5.61E-04 1.023 0.003 1.028 0.003 1.052 0.002 0.082 0.095 73/20 — 332/5 17 224/81 21.8
BI-1-RT 4 1.10E-02 1.72E-04 1.018 0.002 1.024 0.002 1.043 0.002 0.137 0.093 72/21 — 330/5 16.1 8/86 24.7

Some heating curves also show a decay of the magnetic suscepti-
bility around 400–450 ◦C, suggesting the presence of another min-
eral phase (i.e. Ti-rich magnetite), see BI-1, BI-2, (BI-3 weak), BI-6,
PI-5, PI-6 and PI-7 samples (Figs 10 and 11). The samples from
the pyroclastic material (PI-1 and PI-2) show a distinct behaviour,
with two magnetic phases in the heating and cooling curves, with
higher temperature decays in PI-7 than in PI-6 (Figs 10 and 11, and
Table 4).

The low temperature curves (light blue curves in Figs 10 and 11)
indicate the presence of Ti-poor magnetite in BI-7, BI-2 and PI-4,
with a Verwey transition (Tv) at −152, −166 and −158 ◦C, respec-
tively. The lowering of the Tv in BI-3 (−172 ◦C), PI-6 (−176 ◦C) and
PI-7 (−170 ◦C) and its absence in BI-6 suggest higher Ti content,
impurities or some oxidation level of the magnetite grains.

4.3.2 Thermomagnetic curves (Curie balance)

The temperature dependence induced magnetization curves of the
Curie balance (VFTB) are more similar for all samples except in BI-
6, PI-1 and PI-2 (Figs 10b and 11b). They show only one magnetic
phase maybe due to the instrument lower measurement sensitivity
(except in BI-6 and PI-1) relative to the temperature dependence
magnetic susceptibility curves, as already seen in previous stud-
ies (Goguitchaichvili et al. 2001, and references therein). Tc in the
heating curve is slightly higher than in the cooling curve, suggest-
ing some mineralogical change during heating (on Ar atmosphere
during the procedure), or due to some hysteresis in heating-cooling
curves, that is during cooling, the sample is still at higher tempera-
ture than the temperature control—located out of the sample—and
this can be also due do the cooling speed. Tc was calculated accord-
ing to Moskowitz (1981) or the second derivative of the heating
curve range from 470 to 600 ◦C (Table 4).

4.3.3 Isothermal remanent magnetization, coercitivity of
remanence and hysteresis loops

The isothermal acquisition of the remanent magnetization curve
(IRM, blue curve in Figs 10c and 11c) and coercitivity curve (or-
ange curve in Figs 10c and 11c) together with the hysteresis loops
show a ‘soft’ magnetic mineral present, with low coercitivity as
in magnetite and maghemite. The Bcr from the hysteresis loop are
all below 50 mT (except BI-7 and PI-7) as seen in the red line
of Figs 10(c) and 11(c). The IRM curve saturates before 200 mT,
except in samples PI-1 and PI-2 (bombs). The saturation before
200 mT supports the presence of a low coercitivity mineral. The
hysteresis loops show the wasp-waisted shape only in sample PI1.
This shape can be the result of the presence of different magnetic

phases, magnetic grain sizes or magnetic anisotropy (Tauxe et al.
1996; Weil & Van der Voo 2002, and references therein).

The rock magnetic results indicate the presence of a low co-
ercitivity magnetic mineral with Tc closer to Ti-poor magnetite
(maghemite), and in some samples, Ti-rich magnetite (maghemite).
The paramagnetic content is not relevant for the magnetic fabric.

4.4 SEM observations

4.4.1 Petrography via backscattered electron images and EDX

The main rock forming minerals are silicates: plagioclase, pyroxene
(augite and/or diopside), olivine and minor K-feldspar (Fig. 12).
Pyroxene and plagioclase phenocrysts occur in prismatic shapes
with a range of grain sizes varying from 100 to 600 μm, and also
forming the matrix with laths of lengths from 10 to 100 μm. Olivine
grains are larger and more abundant in the Penguin Island sample
(Figs 12e and f).

Iron oxides represent ∼5–10 per cent of the minerals and they
appear in euhedral grains of 1–50 μm. Vermicular grains of elon-
gated appearance of ∼5 μm length by less than 2 μm across are
also observed. The vermicular forms of Ti-iron oxides are at the
Ca-poor pyroxene reaction rim on olivine grains or on pyroxene
grains (Figs 12b and c).

Euhedral grains show Ti rich lamellae related to oxidation at high
temperature (deuteric oxidation) 600–1000 ◦C (Figs 12d, f and h).
On cooling, a Ti–magnetite grain will produce first ilmenite lamel-
lae within (Ti) magnetite as presented in McElhinny & McFadden
(2000), since magnetite–ülvospinel intergrowths are rare in nature
due to the presence of oxygen in the melt, therefore:

6Fe2TiO4 + O2 = 6FeTiO3 + 2Fe3O4

(ulvospinel) (ilmenite) (magnetite)

Low temperature oxidation (maghemitization) will produce
cracks in the Ti–Fe oxides and little alteration below 200 ◦C.
Maghemite is an unstable phase, and when heated inverts to hematite
at temperature between 250 and 750 ◦C, with a Tc in the range 590–
675 ◦C. The cracks are the result of the transformation into a cation
deficient Ti–maghemite, with lattice parameters different from the
original stoichiometric Ti–magnetite which strain the oxidized sur-
face and therefore cracks (McElhinny & McFadden 2000).

Vanadium is found as an impurity in the Ti–Fe oxides of both
islands and chromite (iron chromium oxide) with Mg and Al (and
Ti) impurities in the sample from Penguin Island.
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(a) (b) (c) (d)

Figure 10. In Bridgeman Island: (a) Temperature dependence of magnetic susceptibility measured in the KLY3, red: heating curve, dark blue: cooling curve,
light blue: heating from low temperature ∼77 K to ∼0 ◦C curve. (b) Temperature dependence of induced magnetization measured in the Curie Balance -VFTB-,
heating curve: red, cooling curve: blue. (c) Acquisition of the Isothermal Remanent Magnetization (IRM) curve (blue) and backfield demagnetization curve
(red) measured in the Curie balance. (d) Hysteresis loops (uncorrected for high field slope) measured in the Curie balance. Vertical axes in (c) and (d) have the
same units as in (b).
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(a) (b) (c) (d)

Figure 11. In Penguin Island: (a) Temperature dependence of magnetic susceptibility measured in the KLY3, red: heating curve, dark blue: cooling curve, light
blue: heating from low temperature ∼77 K to ∼0 ◦C curve. (b) Temperature dependence of induced magnetization measured in the Curie Balance -VFTB-,
heating curve: red, cooling curve: blue. (c) Acquisition of the Isothermal Remanent Magnetization (IRM) curve (blue) and backfield demagnetization curve
(red) measured in the Curie balance. (d) Hysteresis loops (uncorrected for high field slope) measured in the Curie balance. Vertical axes in (c) and (d) have the
same units as in (b).
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Table 4. Rock magnetic analyses provide: Verwey temperature (in ◦C) (KLY3), Curie temperatures (in ◦C) calculated after the thermomagnetic heating
curves (in the KLY3 and VFTB), numerical approximations to the alteration of the procedure (A50 and Amax in BI-6 and PI-4) and parameters obtained in the
Curie balance (VFTB) from the corrected hysteresis loop: saturation remanence Mrs, saturation magnetization Ms, bulk coercitive field Bc and remanence
coercitive field Bcr. When two temperatures are present in the same cell, two magnetic phases are present.

KLY·Tv
(◦C)

KLY·Tc
(◦C)

Reversivility
Hrouda (2003)
A50 = 100 (k50

–K50)/K50;
Ax = 100 (kx – Kx)/K50

VFTB-Tc

(◦C)
Moskowitz

(1981)/Derivative VFTB-corrected hysteresis loop
Am2 kg–1

Ms

Am2 kg–1

Mrs mT Bc mT Bcr Mrs/Ms Hcr/H

BI-1-1 — ∼390 and
580

23.2 560 7.40E-04 7.89E-05 11.4 38.3 0.11 3.36

BI-2-8 –166 ∼400 and
590

47.9 575 1.04E-03 1.65E-04 16.9 45.17 0.16 2.67

BI-3-1 –173 590 24.2 560 1.07E-03 1.86E-04 15.9 35.75 0.17 2.25
BI-4-4 — 594 131.5 564 6.44E-04 1.30E-04 21.01 49.2 0.20 2.34
BI-5-8 — 593 18.5 570 1.28E-03 1.45E-04 12.65 34.82 0.11 2.75
BI-6-3 NO ∼450 and

606
–28.9 (A564: –166.1) 500 and 578 7.15E-04 1.13E-04 7.6 17.7 0.16 2.33

BI-7-6 –152 600 23.7 580 8.01E-04 1.48E-04 21.58 51.51 0.18 2.39
PI
PI-1-2 –100 460 and 597 114.7 470 and 600 2.04E-04 8.63E-05 14.89 26.36 0.42 1.77
PI-2-2 — 350 and 600 53.4 560 4.12E-04 1.21E-04 12.45 25.77 0.29 2.07
PI-3-5 — 590 20.7 570 1.33E-03 2.14E-04 19.64 46.42 0.16 2.36
PI-4-8 –158 580 5.3 (A410: −49.9) 560 1.48E-03 1.64E-04 9.27 26.78 0.11 2.89
PI-5-2 — 200, 400 and

584
20.7 574 1.51E-03 3.11E-04 12.19 30.73 0.21 2.52

PI-6-13 −173 ∼400 and
583

13.2 565 1.42E-03 4.34E-04 24.42 40.79 0.31 1.67

PI-7-5 −170 440 and 594 23.4 575 1.18E-03 3.07E-04 27.27 50.56 0.26 1.85

5 D I S C U S S I O N

5.1 Magnetic mineralogy

Ferromagnetic minerals are the main carriers of the magnetic fabric
(AMS) when the value of magnetic susceptibility is high (>10 −3

SI) and the degree of anisotropy is >35 per cent (Rochette 1987).
In our case study, the first condition is met (average of k varies
from 6 × 10−3 to 3.9 10−2)) but not the second (average of Pj are
between 0.6 and 5.2 per cent). The anisotropy of the magnetic fabric
is low (low Pj values). This condition can arise from different factors
depending on the minerals contributing to the magnetic fabric and
their degree of alignment, that is if ferromagnetic minerals are
the main carriers, it would suggest they are mostly isotropic, their
alignment is weak or only a fraction of them contribute to the
magnetic fabric, and then the magnetic fabric is influenced by the
orientation distribution of paramagnetic minerals. This situation
is not uncommon in igneous rocks were the main carriers of the
magnetic fabric are certain grains of (Ti)-magnetite, as indicated
by the anhysteretic anisotropy of the remanence (Raposo & Berquó
2008; Raposo 2020). Measurements in a torque magnetometer at
room and low temperature can disentangle the main carrier of the
magnetic anisotropy (Schmidt et al. 2007).

In this study, the magnetic properties and SEM observations
suggest that the main carrier of the magnetic susceptibility are Ti-
poor magnetites/maghemites, a composition that is anomalous for
MORB, where iron oxides are Ti-rich (x = 0.6 with Tc ∼ 400 ◦C, Lat-
tard et al. 2006). However, in some sites an enriched Ti-magnetite
may be present (cf. Figs 10 and 11).

Different grain sizes of Ti–Fe oxides have been observed in thin
section, from euhedral grains up to 50 μm and vermicular grains up

to 5 μm. The Tc higher than 580 ◦C indicates some level of oxidation
to Ti-poor maghemite (Tc range from 590 to 675 ◦C, McElhinny &
McFaden 2000). The Hopkinson peak in some of the thermomag-
netic curves (k–T curves) suggests the predominance of small grains
(SD). The value of the magnetic susceptibility (k) is similar to other
basaltic rocks with interpreted low viscosity (Caballero-Miranda
et al. 2016). Therefore, possible changes in the corrected degree of
anisotropy will not be related to this viscosity factor [Hrouda et al.
(2005) found that viscosity of magmas correlates with the degree of
anisotropy].

Paramagnetic signal is considered to have a low contribution
to the magnetic anisotropy of these igneous rocks, although sili-
cates (plagioclase) may influence the growth of the Ti–Fe oxides
(as seen in other basalts, Bascou et al. 2005). In other cases,
magnetic grains are assumed to form as interstitial phase in pre-
existing silicate grains (such as plagioclase, pyroxenes), particu-
larly within interstitial glass forming globular aggregates (Fanjat
et al. 2012, and references therein). On Bridgeman Island, ver-
micular Ti–Fe oxide grains are observed on the rim of olivine
grains.

The saturation above 200 mT in the IRM acquisition curve sug-
gests the presence of (Ti)–hematite (i.e. PI-1, Fig 11).

Therefore, SEM observations suggest that the main car-
rier(s) of the magnetic fabric at room temperature are a small
fraction of ferromagnetic s.l. grains (Ti–Fe oxides) or al-
most isotropic ferromagnetic s.l. grains (Ti–Fe oxides) with
contribution of paramagnetic minerals. The Ti–Fe oxides ap-
pear unoriented in the thin sections (except the vermicu-
lar grains in the olivine grains, where they have a radial
distribution).

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/226/2/1368/6261441 by guest on 19 April 2024



1384 B. Oliva-Urcia et al.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 12. (a) Ternary diagram of the iron-titanium oxides, showing the composition of the different solid solution series in igneous rocks (modified from
McElhinny & McFadden 2000). Grey area represents the (Ti)maghemite composition. Z is the oxidation level and X the Ti content. (b) General view of BI-5.4b,
(c and d) details of the iron-oxides present, vermicular and euhedral with exsolution lamellae grains; lamellae enriched in Ti (ilmenite) are slightly darker than
the Ti-poor iron oxide grain respectively. (e) General view of PI-7–4b and (f) detail of exsolved titanium iron oxides. (e) General view of BI-1–7b and (f) detail
of exsolved titanium iron oxides. Back-scattered electron images of SEM with qualitative EDX analyses. Pl, plagioclase; Pyr, pyroxene; Ol, olivine; Ti-Fe-ox,
titanium–iron oxide. Cr–Fe oxide, chromite. Scale is at the bottom right as aligned dots, their total length marks the μm in every picture.

5.2 Magnetic anisotropy; kinematic model of magma
emplacement

Due to time limitations, sampling was concentrated in the centre
of lava flows on Bridgeman Island and in a vertical section in the
plateau lavas of Penguin Island. The orientation of the magnetic el-
lipsoid will be described based on the magnetic lineation orientation

(mean of kmax axes) since it is well clustered on a horizontal plane,
except in BI-5 and 6 (clustering of magnetic lineation occurs on the
lava flow plane, although in BI-5, the lava flow plane is almost hori-
zontal, Fig. 6). The average of the magnetic lineation on Bridgeman
Island is clearly similar to the orientation of the spreading axis of
the Bransfield Basin (orange line in the map of Fig. 13) in three

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/226/2/1368/6261441 by guest on 19 April 2024



Magnetic fabric in volcanic edifices 1385

Figure 13. Schematic representation of the magnetic lineation in (a) map view of the lavas and (b) in cross-section (not to scale) on Penguin (P.I.) and
Bridgeman (B.I.) islands of selected sites. On Penguin Island the volcanic plug ellipsoid is also added (centre of the island). Continuous (discontinuous) line
with arrow: magnetic lineation in imbricated (parallel to lava surface) ellipsoids. Black: oblate shape, purple: prolate shape. Orange line in (a): simplification
of the orientation of the spreading axis in the Bransfield Basin.

sites (sites 1–3), and it is close to the perpendicular direction in the
older plateau lavas of Penguin Island and two sites in Bridgeman
Island (sites 5 and 6).

The relationship between the magnetic lineation and the mag-
matic flow direction has been largely discussed previously, some
authors found that kmin axes indicate the lava flow in palaeosurface
with larger tilts (Boiron et al. 2013). However, results suggest that
magnetic lineation can be a good indicator of lava flow when axes
distribute in a horizontal plane (results in Caballero-Miranda et al.
2016).

We compare our results with studies performed in thicker lava
flows and models of strain ellipses (Caballero-Miranda et al. 2016).
In such studies, the origin of the flow is known. The 2-D models
that better explain their observations relate to flow dynamics. The
models show a lower positive and an upper opposed imbrication
to the flow, separated by an intermediate zone of lowest degree of
anisotropy. Positive imbrication occurs when the magnetic ellipse
in 2-D is inclined towards the flow source, and opposed imbrication
occurs when the magnetic ellipse in 2-D is inclined towards the end
of the flow. The models represent three different cases, but in all
of them the basal velocity is zero. In the first case, the maximum
velocity is at the top of the flow, in other case the maximum velocity
is somewhere in the middle of the flow, and the velocity at the top
is zero (a crust on the lava has formed), and in the third case, the
maximum velocity is somewhere in the middle of the flow and the
velocity at the top is larger than zero. The upper boundary of the
lower zone is considered where the maximum velocity of the flow is
(Vmax). The higher Pj values are in the lower zone. In addition, strain
due to the weight of the lava is also considered in those models as
pure shear (figs 11 and 12 in Caballero-Miranda et al. 2016).

Taking into account the magnetic foliation plane and the mag-
netic lineation orientation, the internal structure of these Quaternary
lavas is either imbricated with respect to the lava plane, as in five

sites of Bridgeman Island, or located with the same orientation of
the lava flow, as in plateau lavas of Penguin Island and sites 5 and
6 on Bridgeman Island. The magnetic lineation on Bridgeman Is-
land in the centre of the lava flows is either positively imbricated
(horizontal in geographic coordinates) or close to the orientation of
the tilted lava plane (Fig. 14a). The internal structure of the plateau
lavas of Penguin Island is parallel to the flow plane, and slightly
oppositely imbricated in samples with vesicles at the top of the
two lava flows (Fig. 14b). The magnetic fabric in the lava plug of
Penguin Island is also positively imbricated (Fig. 14c). The flow
direction on Bridgeman Island is assumed to have been originated
in the centre, and it is unknown in the plateau lavas of Penguin
Island. Material of the plugs suggested to flow upwards in a dyke
type fashion (Boiron et al. 2013).

The analysed sites show that: (i) samples at the centre of the lava
flow have magnetic lineation parallel to the lava plane (represented
with black grains parallel to lava planes on the right of the flow in
Fig. 14a), which is related either to where the velocity is maximum
and some vertical strain is exerted (as in fig. 11e in Caballero-
Miranda et al. 2016, with velocities at the top and bottom of the
model equaling zero), or in a flow with relative low velocity (as in
fig. 12c in Caballero-Miranda et al. 2016), where velocity of the
flow at the bottom is zero and at the top of the flow is larger than
zero, (discontinuous grey line in Fig. 14a right and Fig. 14b). (ii)
The sites with positive imbricated magnetic lineation with respect to
the magma flow surface on Bridgeman Island, represented as black
grains with a horizontal disposition in geographic coordinates on the
left of the flow in Fig. 14(a), occur below the zone with maximum
velocity in all cases represented in the strain models of Caballero-
Miranda et al. (2016). The positive imbrication of the magnetic
lineation with respect to the flow direction is also found in the
volcanic plug of Penguin Island, suggesting that strain is occurring
‘above’ the maximum direction (as shown in all strain models in
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(a)

(b)

(c)

Figure 14. Representation of the orientation of magnetic lineation and strain according to models in Caballero-Miranda et al. (2016). Magnetite grains with
black arrows represent the magnetic lineation. Ellipses represent the strain in those models, in black and purple, the ones that reflect the sampled sites. Vb:
velocity at the bottom of the lava, Vt: velocity at the top. Continuous grey line represents those velocities in the lava: maximum in the centre, minimum at top
and bottom (Vb = Vt = 0), the discontinuous grey line has Vb = 0 at the bottom but not at the top (Vt > 0). Small grey arrows indicate stress perpendicular to
the lava surface (Caballero-Miranda et al. 2015). Idealization on (a) the lavas of Bridgeman Island, (b) the plateau lavas of Penguin Island and (c) the volcanic
plug of Penguin Island.
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Caballero-Miranda et al. (2016). (iii) Negative imbrication of the
scoriaceous lavas at the top of the plateau flows on Penguin island.

Therefore, considering the strain in the models, we attempt to
interpret the flow direction for the lavas as follows: On Bridgeman
Island, the maximum velocity at the centre of the flow will impose
a magnetic fabric parallel to the lava plane (BI-5 and 6). In other
flows, the sampling is below the maximum flow velocity, where a
positively imbricated magnetic lineation to the flow will be imposed
(BI-1 to 3, 4 and 7). With respect to the Bransfield spreading axis, the
flow directs in different directions: parallel, almost perpendicular
and oblique (Figs 13 and 14).

The source for the plateau lavas on Penguin Island is not estab-
lished, but the imbrication found in the more vesicular parts (top)
is opposed to the flow (as described in Caballero-Miranda et al.
2016), this would indicate a SE–NW direction of the lava flow
(Figs 7, 13 and 14). However, the lack of imbrication in the lower
part of the flow is only present in the 2-D models that are perpen-
dicular to the lava flow and are subjected to vertical strain. In these
models, the top of the flow also shows a lack of imbrication. The
lack of imbrication in the lower and central parts of the Penguin
plateau lavas would be expected in non-viscous flows and/or where
extremely vertical strain is exerted (not represented in the models
of Caballero-Miranda et al. 2016). Finally, the magma flow that
produces the plug in Penguin Island would be located below the
maximum velocity flow in the sampling sites PI3 and 4, assuming
a flow going upwards (Fig. 14c).

6 C O N C LU S I O N S

Studying the magnetic fabric and magnetic mineralogy helps to con-
strain the internal structure of magmatic rocks and flow directions.

Magnetic fabric in the volcanic edifices of Bridgeman and Pen-
guin islands in the Bransfield backarc basin is mainly carried by
Ti-poor magnetite, partially oxidized at low temperature to Ti-poor
maghemite in low viscous magmas. The presence of hematite in
some samples remains a possibility.

The internal structure of the magmatic flows based on the mag-
netic fabric and interpreted as imbricated strain with respect to the
main flow suggests that the source on Bridgeman Island is at the cen-
tre, with varied flow directions respect to the Bransfield stretching
axis.

The plateau lavas on Penguin Island reveal a constant orientation
of the magnetic fabric, suggesting a strong vertical strain. The more
vesicular parts show an imbrication with respect to the magma flow.
If the imbrication follows models in previous studies, the flow would
be mostly from the SE to the NW.

The volcanic domes are also imbricated with respect to an up-
wards flow, and the bombs show a scattered distribution, as expected
in pyroclastic material.
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M., Lüneburg, C. & Aubourg, C., Geological Society London Special
Publications.

Catalán, M., Galindo-Zaldı́var, J., Davila, J.M., Martos, Y.M., Maldon-
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