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SUMMARY

There is growing evidence that the magnetic assemblage of claystones, illustrated by low-
temperature magnetic transitions at ~120 K and ~35 K, may be representative of the peak
burial temperature in the so-called oil-window (60—150°C). In previous studies, it was proposed
that this magnetic assemblage is characterized by fine-grained pyrrhotite (Fe;Sg) and magnetite
(Fe3;04). However, evidence of pyrrhotite was not so obvious and the magnetic transition near
35 K of fine-grained pyrrhotite has similarities with those of siderite (FeCO3) or rhodochrosite
(MnCQOs3). Here, we propose some diagnostic tests to distinct <50 K behaviours by studying
claystones from Netherlands borehole and Borneo Prism that experienced different peak burial
temperatures. We perform magnetic susceptibility, temperature dependency of SIRM (ZFC,
RT-SIRM) and field cooled hysteresis loops. On cooling of RT-SIRM (300 K to 10 K), we
applied a magnetic field of 5 uT to enhance Néel type magnetic transition. It is found that
our samples can be classified in two categories based on the shape of the RT-SIRM curve:
one displaying an abrupt break-in-slope in the remanence at ~30 K, called N-behaviour, and
the other one characterized by a progressive increase of the remanent magnetization by 80 K,
named P-behaviour. The first category contains essentially magnetite and Fe-Mn carbonates,

the second one magnetite and probably iron sulphides.

Key words: Magnetic and electrical properties; Rock and mineral magnetism; Phase

transitions.

1 INTRODUCTION

Claystones are potentially oil source rocks in sedimentary basins
and thrust belts. Aubourg & Pozzi (2010) proposed recently that a
given magnetic assemblage of claystones may be diagnostic of burial
within the oil window from 60°C to 150°C (Sweeney & Burnham
1990). More precisely, they proposed that fine-grained pyrrhotite
(Fe;Sg) and magnetite (Fe;04) formed from 2 km depth and more.
Thus, the occurrence of these two magnetic minerals may inform
on the maturity of claystones. To define the magnetic assemblage
in rocks where organic matter coexists with iron sulphides, the best
way is certainly low temperature investigation (<300 K; <27°C)
because it prevents the chemical transformation, which arises from
heating higher than room temperature usually used in palacomag-
netic studies (Van Velzen & Zijderveld 1992). Stoichiometric mag-
netite is firmly identified by a magnetic transition at 120 K, named
Verwey transition (e.g. Ozdemir ef al. 2002). This transition results
from a solid-state phase change from cubic above 120 K to mon-
oclinic below 120 K (e.g. Muxworthy & McClelland 2000; Walz
2002). Pyrrhotite is characterized by a magnetic transition at 35 K
and its origin remains unknown (Dekkers et al. 1989; Rochette et
al. 1990). When the saturation isothermal remanent magnetization
(SIRM) is cooled down from 300 K to 10 K, the pyrrhotite transition
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for grains larger than 1 um is marked by a loss of remanence. Its
recovery on warming is an indication of domain state, and there-
fore grain size (Dekkers et al. 1989). Instead of a regular pyrrhotite
transition, Aubourg & Pozzi (2010) reported a peculiar magnetic be-
haviour at ~35 K during the cooling of RT-SIRM, named hereafter
the P-behaviour. More precisely, they showed that the P-behaviour
of Opalinus claystones from the Jura fold belt is a combination of
an induced magnetization and a pyrrhotite transition. Both are de-
tected at ~35 K, which led Aubourg & Pozzi (2010) to propose that
the P-behaviour is due to the input of fine-grained pyrrhotite. How-
ever, evidence of pyrrhotite in the samples is not so clear. Besides,
rhodochrosite (MnCOs, Néel temperature 7y = 32 K; Kosterov
et al. 2006), siderite (FeCO3, Ty = 38 K; Housen et al. 1996) and
lepidocrocite (y-FeOOH, Ty = 52 K; Hirt et al. 2002) are likewise
candidates to explain the origin of this behaviour. Rhodochrosite
and siderite (Frederichs ef al. 2003) can occur in solid solution be-
cause Fe?* and Mn?* can easily substitute each other, leading to
Neéel temperatures ranging from 32 to 38 K. In this study, our aim
was to add new low temperature data to characterize the nature of
the P-behaviour. The different magnetic measurements, performed
on four samples coming from two different sites, permitted to clas-
sify these specimens in two categories: one shows a characteristic
Néel transition and the other one displays a P-behaviour.
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2 SAMPLES AND METHODS

Work in progress of claystones from different boreholes and the
Borneo accretion prism reveals a homogenous pattern of low-
temperature rock magnetic properties. We have selected four rep-
resentative claystones from a set of tens of samples. We studied
two claystones from a borehole in the Netherlands (samples A and
B) and two claystones from the Borneo Eocene prism (samples C
and D). Sample A is a calcareous claystone. The samples A and
B are located at 1538 m and 1793 m depth, respectively (depth in-
terval 255 m). There is a Cretaceous—Carboniferous unconformity
at 1597 m depth between sample A (Cretaceous) and sample B
(Carboniferous). This involves different burial history for sample
B. Maturity parameters from vitrinite reflectance are Ro = 1.4 per
cent and Ro = 1.8 per cent for A and B, respectively (unpublished
report). However, regarding the basin history, it is likely that the
sample A vitrinite reflectance is <1 per cent. The samples C and
D are taken in the Crocker formation from the Sarawak prism from
two road-cut fresh outcrops (Sapin ef al. 2011). The maturity pa-
rameters of sample C and D are Ro = 0.7 per cent and Ro = 1.2 per
cent, respectively. Regarding vitrinite data, Borneo and Netherlands
samples are early mature (A, C; burial temperature 7y, < 120°C)
to overmature (B, D; T, > 150°C; Sweeney & Burnham 1990).

We measured the magnetic properties of the four claystones at
the Institute for Rock Magnetism, University of Minnesota, Min-
neapolis, USA. We studied the temperature dependency in the range
300 K-10 K of SIRM. For this purpose, we used the following
measurement cycle:

(1) a2.5T field was applied at 300 K to impart an Isothermal
Remanent Magnetization (IRM) and then switched off. The samples
were cooled down to 10 K within an upward magnetic field of
5 uT (~1/10 of the Earth’s magnetic field) at about 5 K steps. This
part of the measurement cycle is called RT-SIRM (RT for Room
Temperature). The application of a magnetic field of 5 T inside
the MPMS (controlled by a fluxgate) was proposed by Aubourg
& Pozzi (2010) with the aim to exacerbate the amplitude of the
P-behaviour below 100 K. Generally, the cooling of a RT-SIRM
is performed under a trapped magnetic field lower than 0.1 uT.
For convenience, we will talk about remanence monitoring, while
in fact, this is a monitoring of a RT-SIRM and a small induced
magnetization, which parallels the magnetic field of 5 ©T. We have
now the practice of tens of measurements in claystones using this
procedure. Despite the paramagnetic input of clays, this procedure
allows the detection of Néel transitions that are not visible using the
zero-field cooling of a RT-SIRM.

(2) at 10 K, LT-SIRM was imparted with a 2.5 T magnetic field.
Then, the magnetic field is switched off. The samples were warmed
back to 300 K in zero field at 10 K steps. This is called Zero Field
Cooled (ZFC).

We studied the temperature dependency of AC magnetic sus-
ceptibility from 300 K to 10 K. We obtained from this measure-

ment the in-phase magnetic susceptibility (K') and the quadrature
(out-of-phase) magnetic susceptibility (K’'). Magnetic susceptibil-
ity was measured at different magnetic field strength (from 16 to
240 A m™ ") at 100 Hz. RT-SIRM, ZFC, K’ and K" were measured
using two Quantum Design Magnetic Properties Measurement Sys-
tem (MPMS). We studied the hysteresis loops using a Princeton
Vibrating Sample Magnetometer (VSM). We ran hysteresis loops
at room temperature and at low temperature (<100 K). The sam-
ples were cooled from 300 K to 10 K in a field of 1 T to impart a
field-cooled remanence (FC). All magnetic measurements (MPMS
and VSM) were done on samples powders of about 400 mg sealed
in a gel capsule.

3 RESULTS

Atroom temperature, the low field magnetic susceptibilities (K ) for
samples A, B, C and D are 120, 641, 349 and 309 uSI, respectively
(Table 1). The ferromagnetic susceptibility (Keo = Kir — Kpe), in-
ferred from the high-field magnetic susceptibility (Kyr), represents
30-40 per cent of the low-field magnetic susceptibility (Table 1).
SIRM are 56, 105, 140 and 42 uAm? kg~ ! for samples A, B, C and
D, respectively. SIRM and K., values indicate a weak concentra-
tion of ferromagnetic minerals. ZFC and RT-SIRM demagnetization
curves are shown in Fig. 1, together with the derivatives from 10 to
50 K shown in inset. ZFC demagnetization curves (Fig. 1a, c), when
plotted in a log-scale, are characterized by a 2-step pattern, with: (1)
a large drop of LT-SIRM between 10 and 35 K (a minimum of 80
and a maximum of 99 per cent of the remanence are lost), and (2) a
change-in-slope at 120 K which is characteristic of stoichiometric
magnetite.

RT-SIRM demagnetization curves (Fig. 1b, d) show that all clay-
stones display the Verwey transition at 120 K, in agreement with
the ZFC demagnetization curves. Below 120 K, the behaviour of
the magnetization is different. For claystone C, the magnetization
increases regularly from ~100 K to 10 K (see inset Fig. 1d). The
claystone A presents also an increase in the same range of temper-
ature, but a break-in-slope is apparent at ~30 K (see inset Fig. 1b).
The claystones B and D display an abrupt magnetic transition at
~40 K and ~30 K, respectively (see inset Fig. 1b, d). The magne-
tization parallels the 5 4T magnetic field applied upward. Samples
A and C present a regular increase of RT-SIRM from 70-80 K to
10 K. Sample C is also characterized by a progressive rise of the
magnetization from 300 K to the Verwey transition temperature.
Sample B reveals a slightly concave curve around 40-50 K and
then a sharp increase from 38 K, before being convex from 25 to
10 K. Sample D magnetization is quasi-constant from room temper-
ature to 120 K, where a drop is observed, and again remains constant
to 30 K. At this temperature, a sharp upward break-in-slope is ob-
served with a slight decrease at very low temperature.

We show FC hysteresis loops after slope correction obtained be-
tween 10 and 50 K (Fig. 2). Claystones A and C display hysteresis

Table 1. Some rock magnetic properties at room temperature for the four claystones. Xj¢: low field magnetic susceptibility. Xpr: high-field magnetic
susceptibility. Xrerro: ferromagnetic susceptibility (Xferro = X1r — Xnf). M and M, magnetization at saturation and remanence at saturation. H. and H,
coercive magnetic field and back remanence coercive field. All parameters, but X, are measured with a vibrating sample magnetometer.

Sample Xig (uST) Xt (14ST) Kferro (1SD) Mg (nAm® kg™ My (pAm? kg™h) H, (mT) He (mT)
A 120 71 49 485 68 10 39
B 641 430 211 2460 135 17 39
C 349 214 135 1267 124 13 34
D 309 216 93 574 8 36

© 2011 The Authors, GJI, 186, 1029-1035
Geophysical Journal International © 2011 RAS

L Z0Z 18quisA0ON 60 UO Jesn O1S| - SUND Ag 08268G/6201/£/98 L /8101e/B/woo dno-olwepeoe//:sdjy wolj papeojumoqd



Netherlands claystones

® =
1,

<50 K magnetic behaviour 1031

RT-SIRM on cooling

0Temperature (Pé) 1.6-
2 5E-8
0
Sample A o0 o
0 -4E-6 o 2 g
%—_1 E4 Sample B _g E g ’ AE7 -%
= £ 8E6 o = 1444 0
& o > ;
v E 2E7
H 2E4 1288 ° RT-SIRM derivatives
K N
8 -1.6E5 3
% ZFC derivatives £
S
£ 0
5 2
2
-B—- Sample A
—o— Sample B
0.001 : : : : : ) 0.8 ; . : : : ‘
50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (K) Temperature (K)
Borneo claystones
ZFC @ RT-SIRM on cooling
1 Temperature (K)
Temperature (K)
0,01
2.8 0 g
a 0
m] (0]
i g -0.04 ) %
Q.-0.1 -0.02 ©
S o
= 1 9; E % )
£ 0.1 ) & 23 [} 0O
v a 9 -0.04
- £ -0.08 = .
- 3 -4 -0.2
° Sample D o RT-SIRM derivatives
N N
H 0.12 = 18
o ’ ZFC derivatives o
£ C €
50.01 5
=] <]
2 4
D —— Sample C 1.3
—— Sample D
0.001 0.8
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K)

Temperature (K)

Figure 1. MPMS measurements in the 10-300 K temperature range. For the Netherlands samples: (a) Zero Field Cooled (ZFC) curve from 10 K to 300 K
and (b) RT-SIRM on cooling from 300 K to 10 K and for Borneo samples: (c) Zero Field Cooled curve from 10 K to 300 K and (d) RT-SIRM on cooling from

300K to 10 K.

loops with weak coercivity (Fig. 2a, ¢) less than 15 mT at
10 K. The behaviour of claystones B and D is markedly differ-
ent (Fig. 2b, d), coercivity at 10 K for samples B and D are higher
(>60 mT). These latter show open hysteresis loops but magnetic
saturation is attained. Hysteresis loops are slightly wasp waisted
which is an indication of a mixture of coercivity (Tauxe et al.
1996). But the most important feature of these specimens is the
shift of hysteresis loop centre along the +Y axis from 10 to 40 K.

© 2011 The Authors, GJI, 186, 1029-1035
Geophysical Journal International © 2011 RAS

This shift is parallel to the applied field during the cooling of the
sample.

We report in Fig. 3(a) the magnetization at saturation (M) in-
ferred from hysteresis loops. M evolves differently for the two sets
of claystones. M increases of more than 90 per cent for claystones
A and C from 40 to 10 K. By contrast, the increase of M is less
marked for claystones B and D. About 78 per cent of increase is ob-
served. The same trends are observed for high field susceptibilities
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Figure 2. Field Cooled hysteresis loops from 50 K to 10 K for (a) sample A, (b) sample B from the Netherlands, and (¢) sample C and (d) sample D from

Borneo.

(Xue; Fig. 3b). The Xpr of samples A and C increase of almost
70 per cent from 50 to 10 K, whereas the X1,; increase of sample D
is smoother (45 per cent). The X of sample B is quasi-stable.

We show in-phase (K') and out-out-phase (K’) AC susceptibility
measurements in the 5-50 K temperature range (Fig. 3c, d). For
the four claystones, we do not observe any field-dependency of K’
and K”. In-phase K’ shows different behaviour for the Netherlands
claystones A and B (Fig. 3d). While K’ regularly decreases from 10
to 50 K for sample A, a bump of K’ is observed at ~35 K for sample
B. Out-of-phase K" decreases in the same proportion from 10 to
50 K for both claystones A and B. It should be noted for sample A
that (1) K” is larger by one order of magnitude at 10 K compared to
sample B, (2) there is a break-in-slope of K'" at ~20 K. For Borneo
claystones C and D, K’ is decreasing from 10 to 50 K and it shows
two break-in-slopes at ~10 K and ~20 K (Fig. 3d). The quadrature
K" of sample C displays a bump at ~16 K. The magnitude of K" is
two times larger than that of sample D at 10 K.

4 DISCUSSION

Claystones A and C from the Netherlands borehole and the Borneo
accretionary prism, respectively showed similar patterns as reported
by Aubourg & Pozzi (2010). That consists in the recognition of P-
behaviour, as well as the two-step pattern of ZFC curve, marked by a
magnetic transition at ~35 K and ~120 K (Fig. 1). Both claystones

experienced burial temperature 7', less than 120°C, with respect to
their vitrinite reflectance. However, the two other claystones, B and
D, that both underwent 7', > 150°C, do not show the P-behaviour.
Instead, we observed Néel transition with a Néel temperature be-
tween 30 and 40 K. In the following, we attempt to distinguish the
two types of samples.

4.1 Magnetite concentration

The concentration of magnetic grains can be approximated by us-
ing the SIRM value at room temperature. More precisely, the SIRM
provides the concentration of ferromagnetic minerals capable to
retain a remanence, that is, all grains above the blocking vol-
ume. The four samples present the Verwey transition at 120 K
(Fig. 1), which is characteristic of the stoichiometric low coercive
magnetite (Ozdemir et al. 2002). The magnetic transition <50 K
is carried by minerals that are paramagnetic or superparamagnetic
at room temperature (e.g. Fe-Mn carbonates, iron sulphides). We
assume therefore that magnetite constitutes the main magnetic min-
eral that carries the SIRM. To estimate the maximum magnetite
concentration of the samples, we compare the SIRM to the half
value of SIRM value of magnetite because magnetite minerals are
not perfectly oriented (Aubourg et al. 2008). Using half value of
magnetite SIRM at ~10 Am? kg~! (Maher ez al. 1999) and the value
of SIRM at room temperature (~100 uAm? kg~ ! to simplify), it

© 2011 The Authors, GJI, 186, 1029-1035
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Figure 3. Evolution of (a) saturation magnetization, (b) high field susceptibility, 394 (c) Out-of-phase susceptibility and (d) in-phase susceptibility from 10 K
to 50 K for the four claystones.
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is found that the magnetite concentration is less than 10 ppm. The
claystones contain therefore trace amount of magnetite above the
blocking volume, that is, >20 nm. This low concentration of fer-
romagnetic mineral can be due to magnetite dissolution processes
during burial (Rowan ez al. 2009).

4.2 <50 K behaviours

In this study, we emphasized the <50 K magnetization evolution. In
our protocol of RT-SIRM on cooling, the upward applied magnetic
field of 5 uT inside the MPMS was found to be very useful to high-
light the <50 K magnetic behaviour (Fig. 1b, d). In the following,
we distinguished two classes: the P-class (samples A and C) and
the N-class (samples B and D). Samples from the P-class display
the P-behaviour, with progressive increase of an induced magneti-
zation during the cooling of the RT-SIRM from ~100 K (Fig. 1b,
d). The slope of the derivative is regularly increasing down to 10
K. Samples from the N-class display abrupt Néel transition at 30 K
and 38 K (Fig. 1b, d). The slope of the derivative is decreasing for
temperature lower than 30 K.

For P-class and N-class samples, ZFC curves display the same
2-step pattern (Fig. la, ¢) and thus are not useful to distinguish
between the two types of classes. Housen et al. (1996) noted already
that ZFC curves of pyrrhotite, siderite and rhodochrosite displayed
similar behaviours. Those are not so different from greigite SIRM
warming curves (Chang et al. 2009). The best magnetic parameters
to distinguish between P-class and N-class are the low-temperature
hysteresis loops and the low temperature properties of magnetic
susceptibility.

N-class samples display open FC hysteresis loops for T < 30 K
(Fig. 2b, d). By contrast, the hysteresis loops of P-class samples
remain narrow at low temperature (Fig. 2a, ¢). The most remarkable
feature of N-class samples, however, is the observation of an offset
of the hysteresis loops at 10 K and 20 K, characterized by a positive
shift of the hysteresis loop along the axis of remanence (parallel
to the field applied during cooling). By contrast, samples from the
P-class do not show offset of hysteresis loops (Fig. 2a, c). The
hysteresis loop offset was first reported by Housen et al. (1996)
for siderite mineral. Kosterov et al. (2006) showed also offset of
hysteresis loops for rhodochrosite.

Hysteresis parameters M (magnetization at saturation) and X ¢
(high-field magnetic susceptibilities) show distinguishable differ-
ences (Fig. 3a, b). For the P-class samples, we observed an increase
of more than 90 per cent of these parameters below 50 K. By con-
trast, the increase of M and Xy is less marked for the N-class
samples.

The low-temperature dependency of the in-phase (K’) and out-
of-phase (K’") AC magnetic susceptibilities provided additional in-
formation. Samples from the N-class displayed bumps of K’ at
~34 K for sample B and ~22 K for sample D (Fig. 3d). Similar
observations on siderite and rhodochrosite minerals are reported by
Frederichs et al. (2003). Samples from the P-class displayed either
no distinguishable bump during the decrease of K’ (sample A) or
break-in-slope for sample C (Fig. 3d). Out-of-phase K" of P-class
samples is one to two orders of magnitude larger than K"’ of N-class
samples. One way to explain the increase of K is the apparition of
Foucault current in the mineral.

4.3 The nature of P-behaviour

Aubourg & Pozzi (2010) proposed that the P-behaviour observed
during cooling of a RT-SIRM is carried by fine-grained pyrrhotite.

However occurrence of this mineral needs further analysis and the
P-behaviour can be a form of Néel transition of siderite (7 = 38 K)
and/or rhodochrosite (7y = 32 K). Unlike P-class samples which
exhibit P-behaviour, the N-class samples displayed unambiguous
Néel temperature of ~38 K for sample B and ~30 K for sam-
ple D. These temperatures correspond respectively to siderite and
rhodochrosite Néel transitions. Recognition of hysteresis loops off-
set (Fig. 2b, d) is an additional evidence of the occurrence of siderite
and rhodochrosite (Housen et al. 1996; Kosterov et al. 2006).

It is possible that the P-behaviour is a combination of
rhodochrosite/siderite transition and an input of an additional mag-
netic mineral. Sample A is possibly the illustration of this combina-
tion. From the derivative of the RT-SIRM on cooling, we observed a
break-in-slope at ~30 K (Fig. 1b). Thus the P-behaviour in this case
is possibly triggered by the input of rhodochrosite. However, hys-
teresis loops do not show any offset nor opening at low-temperature
(Fig. 2a, c). The sample C does not show evidence of Néel temper-
ature between 30 and 38 K (Fig. 1d). We do not think that sample C
P-behaviour is due to rthodochrosite/siderite for additional reasons.
The P-behaviour is not abrupt, as it should be for a Néel transition
(e.g. sample D in Fig. 1d). We do not observe shift of hysteresis
loops at low temperature (Fig. 2c). There is a large increase by
one to two orders of magnitude of the remanence at saturation, the
high-field magnetic susceptibility and the out-of-phase magnetic
susceptibility for the P-class samples.

4.4 <50 K behaviours and maturity of rocks

Aubourg & Pozzi (2010) proposed that P-behaviour develops at
~60°C from the basis of experimental studies and natural obser-
vation. Ongoing studies by our group demonstrate the large oc-
currence of P-behaviour in immature to early mature claystones
(Twy < 120°C). The early mature claystone C from Borneo is an ad-
ditional evidence for the development of the P-behaviour. However,
for overmature claystones B and D (7, > 150°C; Ro > 1.2 per
cent), we observed the development of a Néel transition of siderite
and rhodochrosite. For calcareous claystone A, the P-behaviour is
probably carried by rhodochrosite. Rhodochrosite and siderite oc-
cur in rapidly accumulating, fine-grained, organic rich sediment
(Glasby & Schulz 1999). Rhodochrosite is observed at very low-
grade metamorphic condition and is stable at higher grade (Peters
et al. 1973). Further work is necessary to see if the Néel transitions
of overmature claystones (7, > 150°C) is a marker of low-grade
metamorphism or if it is related to the sedimentary conditions.

5 CONCLUSION

We performed magnetic measurements to characterize the magnetic
assemblage of four early mature to overmature claystones from a
borehole in the Netherlands and from Borneo prism. We focused
on the <50 K magnetic behaviour. To evidence Néel transition, we
applied a magnetic field of 5 T inside the SQUID MPMS during
the cooling of a SIRM. We proposed two classes of samples: the
P-class and the N-class. Both classes contain magnetite in trace
amount (<10 ppm). In the P-class, during the cooling of a SIRM,
we observed an increase of induced magnetization at ~100 K,
named P-behaviour. The P-behaviour may be a fingerprint of early
mature claystones (7, < 120°C) and might be carried by iron sul-
phides and possibly by the contribution of Néel-type mineral like
siderite or rthodochrosite. In addition, the P-class samples showed
enhancement below 50 K by one to two orders of magnitude of the
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magnetization at saturation, the high-field magnetic susceptibility
and the out-of-phase magnetic susceptibility. The N-class samples,
where claystones are overmature (7, > 150°C), showed Néel tran-
sitions at 30 K and 38 K that suggest the occurrence of thodochrosite
and siderite. The offset of field-cooled hysteresis loops and the in-
crease of the coercivity for T < 30 K comforted the hypothesis of the
occurrence of rhodochrosite and siderite. Further work is necessary
to confirm our hypothesis that the P-class and N-class claystones are
correlated to the index maturity of claystones; immature to mature
for the P-class (T'y,~60—<120°C), and overmature (7, > 150°C)
for the N-class. If correct, the low-temperature magnetic inves-
tigation will constitute a valuable tool to precise very low-grade
metamorphism of claystones.
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