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 The main goal of the Visiting fellowship project was 
to perform a high-field AMS approach, using directional 
magnetic hysteresis measurements, on deformed, low-
grade metapelites of Palaeozoic Armorica (France). Fur-
thermore, magnetic remanence demagnetization and low 
temperature experiments have been performed in order 
to identify the ferromagnetic (s.l.) phases present in these 
rocks. The project is part of a larger project that investi-
gates the behaviour of the rock’s AMS in progressively 
deformed, metasedimentary rocks undergoing a transi-
tion of an intermediate to a tectonic magnetic fabric type. 
Because, we’re interested in the magnetic fabric due to 
the paramagnetic, rock-forming minerals, i.e. phyllosili-
cates and chloritoid, the high-field approach is necessary 
to isolate their contribution from that of possible ferro-
magnetic (s.l.) phases present. 
 Alternating-field demagnetization, using peak AF 
fields up to 170 mT, of a 1 T IRM and a 200 mT ARM, 
shows strongly variable coercivity ranges for the differ-
ent samples. 11 out of 24 samples have a median destruc-
tive field of the 1 T IRM below 50 mT and hence, have 
a rather low coercivity. Out of the other samples, nine 
still have more than 25% of the initial remanence left af-
ter the procedure, indicating that the applied field range 
is quite ineffective in demagnetizing these samples and 
hence, a significant part of the remanence is carried by 
hard (anti)ferromagnetic phases. 
 The low temperature experiments consist of two mea-
surements series. In the first series, the thermal demag-
netization of a saturation isothermal remanent magneti-
zation (SIRM) imparted at 10 K is measured from 10 K 
to 300 K, both after cooling in the presence of a 2.5 T 
field (field-cooling, FC) and after cooling in a zero field 
(zero-field-cooling, ZFC). Secondly, a room temperature 
SIRM is cycled to 10 K and back up to room temperature. 
Both FC and ZFC curves display a continuous decrease 
in magnetization with increasing temperature. The tem-
perature at which both curves merge varies strongly for 
the different samples, i.e. it ranges from 75 K to more 
than 300 K (see Fig 1a). This is interpreted as the effect 
of goethite particles that become thermally unblocked 
and that have a variable size distribution and blocking 
temperature (TB) over the different samples [cf. Guyodo 
et al., 2003]. However, also note that for some samples 

there is hardly any difference between the FC and ZFC 
SIRM at 10 K. In these samples, goethite is not likely to 
be the dominant ferromagnetic (s.l.) phase present. The 
RT SIRM curves often show a rather continuous increase 
with decreasing temperature. This is interpreted as an ef-
fect of a rise in saturation magnetization with decreasing 
temperature and hence, it could be attributed to goethite, 
which is far from being saturated by the 2.5 T field at 
room temperature. Furthermore, nearly all samples show 
some decrease in the trend of the cooling curve when 
cooling through the Verwey temperature, TV ≈ 120 K 
(see Fig. 1b). This drop in remanence is not recovered 
when reheating. Therefore, it looks like magnetite par-
ticles are also present in these samples [cf. Özdemir and 
Dunlop, 1999; Dunlop, 2003].

 So, the remanence experiments have shown that the 
ferromagnetic contribution to the Armorican metasedi-
ments’ magnetic susceptibility and anisotropy is carried 
by both magnetite and (nano) goethite minerals. This is 
problematic for our HF-AMS approach, which uses a 
VSM with a maximum applied field of 1 T, because it is 
not possible to saturate the contribution of the goethite 
particles. However, the remanence of all samples is very 
weak. Low temperature magnetization curves show a 
nearly perfect behaviour according to the Curie-Weiss 
law and also, the hysteresis loops show an (almost) per-
fect linear behaviour. Hence, the effect of these particles 
on the HF-AMS properties should be rather limited. 
 The HF-AMS approach consisted in measuring a 
magnetic hysteresis loop (max applied field of 1 T in 
field increments of 10 mT) in 24 directions and calculat-
ing the (paramagnetic) high-field susceptibility κhf for 
each direction from the slope of a linear fit of the high-
field part of the loop (> 700 mT). As this approach is 
quite sensitive to geometrical effects (shape of the cubic 
specimens, imperfect centering, etc.), the idea was to 
normalize the different directions by the saturation mag-
netization, Ms, which is an isotropic property. However, 
because of the very weak ferromagnetic (s.l.) contribu-
tion to the induced magnetization, Ms is poorly defined. 
As a consequence, normalizing κhf by Ms only makes the 
error on the HF-AMS tensor worse (i.e. errors of 30 to 
70° on the direction of the principal magnetic suscepti-
bilities). So, the inability to quantify Ms biases the accu-
racy of the HF-AMS approach [cf. Bilardello and Jack-
son, 2014]. We had to use the unnormalized data (only 

Fig 1. The (a) ZFC (red) and FC (blue) SIRM behaviour dur-
ing heating and (b) RT SIRM behaviour on cooling (black) 
and heating (green), are indicative for the presence of both 
goethite and magnetite.
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corrections for the common measurement positions be-
tween the different rotation sets have been made) and 
therefore, the HF-AMS is likely affected by geometrical 
effects typical of measuring anisotropy on a VSM. This 
is confirmed by the large errors on the direction of the 
principal magnetic susceptibilities, i.e. 20 to 60°. 
 Therefore, we used the directional hysteresis ap-
proach only to determine the paramagnetic bulk suscep-
tibility, Kmhf. The paramagnetic anisotropy is obtained 
from high field torque magnetometry, performed prior 
to the visiting fellowship. Fig. 2a shows a comparison 
of the obtained Kmhf values and the low-field Km values 
determined with a kappabridge. Except for 5 outliers, the 
graph shows a very good linear correlation with Kmhf be-
ing ca. 89% of Km. Hence, it looks like 89% of the bulk 
(low-field) susceptibility of the Armorican metasedi-
ments is due to the paramagnetic minerals. However, the 
consistent value (i.e. strong linear trend) could also ar-
gue for some kind of instrumental effect. Finally, Fig. 2b 
and 2c show a comparison for the degree of anisotropy, 
PJ, and the shape parameter T between the paramagnetic 
(high-field) parameter (y-axis) and the low-field pa-
rameter (x-axis), respectively. Both parameters show a 
strong linear relationship. It can be noted that for PJ, the 
isolated paramagnetic (high-field) parameter is consis-
tently a bit higher than the low-field value. This can be 
interpreted in two ways. Either, the small ferromagnetic 
contribution decreases the low-field PJ value somewhat, 
or alternatively, the discrepancy is merely related to the 
consistently lower Kmhf compared to the low-field Km 
because of the instrumental effects (note that the devia-
toric paramagnetic tensors are very similar).
 In conclusion, magnetic remanence demagnetization 
and low temperature experiments have shown that the 
investigated Armorican metasediments contain some 
(nano)goethite and magnetite particles. Their contribu-
tion to the rock magnetic susceptibility and its anisotropy 
is however, very limited. The VSM approach to measure 
magnetic anisotropy is biased by the inability to quantify 
Ms and therefore, only the paramagnetic bulk suscepti-
bility (Kmhf) values are used from this approach. Except 
for 5 outliers, Kmhf shows a very strong linear correlation 
with low-field Km, albeit 11% lower than the latter. It 
is not clear whether this difference is real or due to an 
instrumental effects. The full (paramagnetic) HF-AMS 
tensors are calculated from Kmhf and deviatoric paramag-
netic tensors obtained from high-field torque magnetom-
etry.

Fig 2. Plots of the high field vs. low field value of (a) the bulk susceptibility Km (note: R2 coeff. is calculated without outliers), (b) the 
corrected degree of anisotropy PJ and (c) the shape parameter T, respectively. 
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