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1. Study on Fe-bearing samples

1.1 Samples selection

A set of Fe-bearing samples were also studied in order to determine their magnetic
behavior and contribution in the bulk magnetic signature of the COx claystones.

Pure iron-bearing minerals separates were selected and their magnetic behavior under
low temperature was recorded. A particular attention was brought to Fe(Ill) bearing
minerals. The samples listed in the Table A1 are briefly described below.

Clay minerals and micas are paramagnetic at room temperature, but some of them could
present magnetic ordering at very low temperature (Coey et al., 1981; Ballet and Coey,
1982; Martin-Hernandez and Hirt, 2003; Rivas-Sanchez et al., 2009). The nontronite
NAu-1, a biotite, a white mica (muscovite), and the Wyoming montmorillonite (SWy-1)
were selected to validate their low temperature magnetic properties. The trioctahedral
biotite of Bankroft, Ontario, contains 15.8 wt % of Fe under Fe(II) state (Rancourt et al.,
1993; Chon et al., 2003). The muscovite reference is dioctahedral and has low iron
content (1.4 wt %), assumed to be Fe(Ill). Montmorillonite SWy-1 is dioctahedral and
has also low iron content (3.1 wt %; American Clay Society Standard), assumed to be
Fe(IIT) (e.g. Chipera and Bish, 2001). Contrastingly, dioctahedral nontronite NAu-1 has
high iron content (13.2 wt %; Keeling et al., 2000) and is thus the most favorable
mineral to perhaps display a specific magnetic behavior. Among carbonates, siderite
(FeCOs) is the iron end member. In COx Clay Formation, siderite (<2%) exhibits
almost similar chemical compositions, and contains significant amounts of Ca and Mg
(in substitution of Fe), and is thus called sideroplesite according to Mozley (1989)
(Lerouge et al., 2011, 2012). Siderite is paramagnetic at room temperature, becomes
antiferromagnetic when passing through its Néel temperature (~38 K; Frederichs et al.,
2003; Kosterov et al., 2006). To ensure that sideroplesite behaves similarly, a

sideroplesite sample separated from a concretion observed in Opalinus core sample
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from the Benken borehole at depth 559.05 m (northern Switzerland) was analyzed
(Mazurek et al., 2009; 2011).

Table Al: List of the minerals used as references, their provenance and their structural

formula

Biotite, Silver Crater mine, near Bancroft, Ontario, Canada (Chon et al., 2003)
(K 96N ay13Ca0,01)(Mgs 15Fe; 56" Tig 17M1 09)(Siis 95 Al 02 Tig.10)O20[(OH), 47F 5]
Muscovite (unknown) (EPMA analyses, this study)
(KlA77Nao.19)(Mg0A15FeO.213+Mn0401)(Sio.wAlsAssTivo,%)Ozo (OH),
Na-Montmorillonite SWy-1 (Newcastle formation, State of Wyoming, USA) (Copyright ©
2003-2012 The Clay Minerals Society)

(KoosNag 3 Camz)(Mg0A54FeoA413+Mn0A01 Als 01 Tig02)(Si7.05Al,62)O20 (OH),
Nontronite NAu-2, Uley graphite mine, South Australia (Keeling et al., 2000)
(M 97) (Mg 70Fe; 5,Mng o Alg 55T 00)(Si7 57Al 01 F€g.42)O20(OH),

Siderite (Benken borehole, Switzerland)

(Fey 71" Cag13Mgo.1sMng 0,)CO;

1.2 Samples preparation

Samples used as references were not preserved from atmosphere. Biotite and muscovite
were prepared from centimeter-sized natural samples. Both were firstly delaminated and
each sheet was cleaned with 95 % alcohol under the binocular in order to eliminate
visible iron oxy-hydroxides. The samples were finely crushed in an agate mortar and
then wedged inside gelatin capsules for magnetic measurements.

Nontronite NAu-1 (Uley graphite mine, South Australia; Keeling et al., 2000) and
montmorillonite SWy-1 were purchased from the Clay Source Repository.
Montmorillonite was not subjected to any purification process, and may thus contain
traces of Fe oxides (e.g. Chipera and Bish, 2001). Contrastingly, two samples of
nontronite NAu-1 (NAu-1 (1) and NAu-1 (2)) were purified according to two different
protocols described respectively in Gailhanou et al. (2013) and Hadi et al. (2013).
According to Gailhanou et al. (2013), the fraction of particle diameter lower than 2 pm
of nontronite was separated by centrifugation. Then, the nontronite sample was
Ca-saturated in a 1 M CaCl, solution for 24 h. After washing the solid in deionized
water, the absence of chloride ions was checked using the AgNOs test. The structural
formula of NAu-1_(1) is:

Cag247 K 0.020 (Siz.458 Alysa2)(Mgo.ossFe’" 1 683Al0263Ti0.007)O10(OH),
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X-Ray diffraction (XRD) analyzes and modeling of >’Fe Mdssbauer spectra revealed the
presence of 2 wt% of goethite (Gailhanou et al., 2013).

According to Hadi et al. (2013), purification and fractionation of the fraction of particle
diameter lower than 2 pm have been carried out by elutriation technique (Claret et al.,
2010). The structural formula of Nau-1_(2) is:

Nag.07 K 0,03 Ca 0.20 Mg 0.15 (Mgo.06F e’ 3 24Al0.74) (Sis.03 Alo.o7 Feo6) O20(0H)s

XRD analyze and modeling of *’Fe Mossbauer spectra do not reveal the presence of
goethite (Hadi et al., 2013).

1.3 Results

Siderite, biotite, muscovite, and montmorillonite were measured with the sequence A
(see methods in this appendix); nontronites with the sequences A and B.

Muscovite and biotite magnetic behaviors are very noisy, as expected for paramagnetic
minerals (Figures Alc and Ald).

SE-5 Siderite 36847 Montmorillonite
- 2 (Sideroplesite) g‘ ]
2 4S5 -
™ <
£ = 3264
- 3E-5 c
- [+1]
c g
2 0
E 25 = _
2.8E-4
= —O~RT-SIRM on coding ¢ TR ] @ —0—:1;:;: an :;ollng
on warming ——PRT- on Warming '
1E-5 . —.—R:T—SHM \ . : .
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)
4E-5. 7E-5;
Biotite
© 3E5| —_
= 2
£ T N
< 2E5 : E
= I o) —
c 1 0 et
a . c
E 1ES, Muscovite z
E ] —0—RT-5IRM on cooling Q —O0—RT-SIRM on coslin:
=—#—RT-ZIRM on wamming E —8—FRT-5IRM on warrriig
0 @ 4E-5 @ T r T T \
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)

Figure Al: Low temperature magnetic behavior for selected Fe-bearing minerals
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SWy-1 montmorillonite displays a particular magnetic behavior at low temperature
(Figure A1b). The remanence increases very slightly by 8% from 300 to 10 K. This low
percentage could be due to maghemite or goethite. The remanence decreases at 120 K
which is unrecovered when warming back to room temperature. This magnetic behavior
corresponds to the Verwey transition of magnetite (e.g. Ozdemir et al., 2002). Although
this mineral was not previously reported to occur in SWy-1 montmorillonite, previous
studies had demonstrated the minor presence of other iron oxides (e.g. Chipera and
Bish, 2001). A complementary infrared spectrum on SWy-1 montmorillonite reveals a
discrete peak at 1386 cm™ corresponding to goethite (Figure A2b). Both magnetic and

goethite occur as inclusions in minute amounts in the SWy-1 montmorillonite.
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Figure A2: a) Evolution of the RT-SIRM of SWy-1 montmorillonite trough a
cooling-warming cycle. Note the 6% increase of the remanence from 300 to 150 K and
the Verwey transition of magnetite; b) Infrared spectrum of montmorillonite SWy-1

showing the presence of minute amount of goethite.

When cooling down to 10 K, the remanence of sideroplesite is almost linear down to
~150 K and then increases slowly (Figure Ala). The remarkable feature is the abrupt
increase by 2 of the remanence from ~ 40 to 10 K. This magnetic behavior is almost
reversible, and might correspond to a change in magnetic state similarly to the siderite
specimen analyzed by Frederichs et al. (2003) (not a pure siderite). One has to notice
that the measurement is supposed performed under a null magnetic field (< 0.1 uT). Ina
true null magnetic field, paramagnetic Fe-Mn carbonates are not capable to retain a
remanence. The evolution of the remanence observed below ~ 40 K is thus probably

due to the presence of the trapped field inside the magnetometer. At low temperature,
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the presence of a small magnetic field indeed exacerbates the magnetic transitions of
paramagnetic minerals (Aubourg and Pozzi, 2010; Kars et al., 2011). Based on low
temperature magnetic measurements, no other magnetic phase is identified in the

Benken sideroplesite sample.

The most interesting magnetic behaviors for silicates come from the two studied
nontronites.

NAu-1_(1) nontronite is known to contain 2 wt% of goethite (Gailhanou et al., 2013).
The remanence of NAu-1 (1) nontronite imparted at room temperature (M1 = 1.78.107
Am? kg') increases by ~3 times from 300 to 10 K (Figure A3a); that is typical of
goethite and confirms previous observations. The presence of goethite is also comforted
by a complementary infrared spectrum on bulk nontronite revealing a discrete peak at
1386 cm™ which corresponds to goethite (Figure A3b), and by micro-Raman spectra on
a few identified um-sized brownish particles identified as goethite particles (Figure
A3c).

NAu-1 (2) nontronite is not known to contain goethite (Hadi et al., 2013). The
remanence imparted at room temperature (M1 = 1.6.10% Am* kg') is one order of
magnitude lower than NAu-1 (1) (1.78.10° Am? kg'). Remanence increases by ~4
times from 300 to 10 K, also suggesting the presence of goethite in the sample (Figure
A4a). The SIRM evolution on cooling-warming cycles is reversible. A very slight
change-in-slope occurring at ~270 K may indicate the occurrence of hematite (Figure
A4b). By comparison with Nau-1 (2), complementary infrared spectrum of bulk
nontronite does not reveal any peak of goethite or hematite, whereas micro-Raman
spectra on very rare pm-sized brownish particles allow identifying goethite particles
(Figures A4c and A4d).
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Figure A3: a) Evolution of the RT-SIRM of the nontronite NAu-1 (1) during a
cooling-warming cycle compared to the one of NAu-1 (2). Note that NAu-1 (1) is one
order of magnitude higher than NAu-1 (2); b) Infrared spectrum of nontronite
NAu-1 (1) and goethite; ¢) Raman spectrum of a pum-sized particle in nontronite
NAu-1_(1). The spectrum of a goethite (RRUFFID=X050091) is given for reference.
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Figure A4: a, b) Evolution of the RT-SIRM on three successive cooling-warming cycles
for NAu-1 (2) sample; ¢) micrograph in reflected light of a pm-size goethite particle
on nontronite NAu-1 (2) sample; d) Raman spectrum of a pm-sized particle in
NAu-1_(2). The spectrum of a goethite (RRUFFID=X050091) is given for reference.

1.4 Contribition of Fe-bearing minerals

From the above observations, the phyllosilicates that have a low Fe content may not
contribute in any significant way to the magnetic signal of the natural bulk claystones.
In the COx clays, some phyllosilicates may have however a high Fe content. The most
obvious of them is chlorite, which may contain ~20 % Fe (Lerouge et al., 2011). Pure
chlorite is very difficult to obtain and it is moreover Fe(Il)-bearing mineral. As this
study focused on Fe(Ill)-bearing minerals, nontronite was selected because it is

assumed to be the phyllosilicates “Fe-rich end-member”. The two analyzed nontronites
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show a characteristic magnetic behavior (Figures A3 and A4). This magnetic signal is
typical of goethite. Occurrence of goethite in the nontronite specimens is likely due to
residual impurities resulting from the extraction process.

Siderite is known to be present in the EST26479 sample in a non-negligible content (~2
%). No characteristic Néel transition is observed at ~40 K in the EST26479 sample,
suggesting that siderite, if present, might have its signature hidden by the goethite
contribution (Figure ATA).

2. Methods

2.1 Low temperature magnetic measurement

See main text for explanation
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Figure AS5: Schematic representation of the MPMS measurement sequences used in this

study (at the Institut de Physique du Globe de Paris)

2.2 Infrared spectrometry

Infrared spectra were obtained on a BRUKER Equinox IFS55 spectrometer by
transmission through a pellet of a mixture of 150 mg KBr with less than 1 mg of
sample. 32 scans were performed for each spectrum from 4000 to 350 cm™'. The spectral

resolution is 4 cm™.



American Mineralogist: July 2015 Deposit

3. Data LT measurements Table A2

Table A2: Remanence values, M1, M2 and M3 for the analyzed samples at low

AM-15-75096

temperature.
Sample Mass (mg) MI1 (Am?/kg) | M2 (Am?kg) | M3
(Am%kg)
Goethite 562 8.25.107 2.84.107 1.22.107
FOR1118 247 (fragment | 1.05.10™
Claystones preserved)
427  (powder | 1.52.10™ 1.58.10™ 1.21.10™
preserved)
373 (24h air) | 6.77.107
Organic 394 1.18.10™
matter+pyrite
extract
K119 354 8.72.107
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