Methods

Synthesis of ITQ-21 samples

We used precursor gels A (ITQ-21) and B (Al-ITQ-21) with the following compositions.
A, 0.33 GeO»: 0.67 SiO,: 0.50 MSPTOH: 0.50 HE: 20 H,O. B, 0.09 GeO,: 0.91 SiOs: 0.02
Al,05: 0.50 MSPTOH: 0.50 HF: 3 H,O. They were prepared by dissolving germanium
oxide in the N-methylsparteinium hydroxide (MSPTOH) solution. Then,
tetraethylorthosilicate and aluminium isopropoxide (for the aluminium-containing
sample) were hydrolysed in that solution, and the mixture was mechanically stirred at
room temperature until complete elimination of the alcohols had occurred, and the
required amount of water until the final composition was reached. Finally, HF was added
and the mixture was homogenized.

When the gels were heated at 448K for five days under conditions of continuous
stirring in Teflon-lined stainless-steel autoclaves, the zeolites crystallized. The solids were
recovered by filtration, washed with distilled water and dried at 100 °C. Chemical analyses
of the ITQ-21 samples presented here are given as Supplementary Information Table 4.

Structure solution and refinement

Powder XRD data were collected at room temperature with a diffractometer (Philips
X’Pert) with Bragg-Brentano geometry, and a graphite secondary monochromator.
Intensity data were obtained with a fixed divergence slit (1/8°), a maximum illumination
length of 10 mm and a goniometer arm of 240 mm, and CuKa,, radiation (A = 1.5406,
1.5441 A). Tube voltage and current were respectively 45 kV and 40 mA. Step scan size and
time: 0.02° (20) and 9 s. The profile range (26) goes from 5.00° to 70.00°. The pattern was
indexed according to a cubic F unit cell with a = 27.698 A, and the analysis of the observed
systematic absences led to space group Fm-3c.

The crystal structure was solved using XLENS'® with space group Fm-3c, no. 226, that
only contains three symmetry independent Tsites (T1, T2 and T3). A Rietveld refinement
in this cubic symmetry yielded the atomic compositions of sites T1, T2 and T3, and also
indicated that the sites containing F~ or H,O/OH ™ are fully occupied. In space group Fm-
3¢, the cluster shown in Fig. 2 inset is placed at (1/4, 1/4, 1/4), and this site has 43 point
group symmetry, so that the Si atoms forming the inner 4MR are averaged over 12 T3 sites.
The Rietveld refinement was performed with program LSP7" yielding the atomic
coordinates listed in Supplementary Information Table 1. Number of contributing
reflections is 224; number of geometric restraints of type d(T-0O) is 12 (for T1: 1.69(3) A;
T2:1.66(3); T3: 1.61(3)). Interatomic distances of type O—T—O were also used as restraints
with a standard deviation of 0.06 A. Number of structural parameters: 23. Number of
profile parameters: 7, including zero shift (0.029° 20) with visually estimated background.
Profile function: Pearson-VIL Rietveld overall thermal coefficient: B = 2.9 A% The
residuals of the refinement were: Ry, = 0.083; R;, = 0.063, R; = 0.127. The good fit
between observed and calculated patterns can be seen in Fig. 1.

Also, the possibility that all clusters are equally oriented has been checked by assuming
the tetragonal space group I4/mcm no. 140 (ar = a/+/2, cr = a). In spite of the much
larger number of parameters involved (50), the improvement of the residuals is minimal.
In addition, if the topology were tetragonal, the structure along the ¢ axis would be
significantly different from that along the a axis, and this should be evident in the cell
parameters. However, the refined tetragonal parameters ap = 19.5896(10) and ¢ =
276946(33)10\ correspond, within the statistical error, to the cubic cell. Nevertheless, a
tetragonal structure cannot be completely ruled out, as the presence of twinned crystals
with ordered domains would also result in cubic cell parameters, despite the tetragonal
structure. High-resolution electron microscopy investigations might help to clarify this
aspect of the ITQ-21 structure.

Catalytic tests

The catalytic experiments were performed in a Microactivity Test Unit (ASTM D-3907).
Product determination, including a detailed analysis of the gasoline fraction—PIONA (gas
chromatographic analysis of paraffins, isoparaffins, olefins, naphthenes and aromatic
hydrocarbon types in gasoline), RON and MON numbers—were performed as described™.
Zeolites were pelletized, crushed and sieved, and 0.50 g of the 0.59—0.84-mm fraction was
taken and diluted in 2.50 g of inert silica. In the case of the USY/ZSM-5 mixture, they were
placed in consecutive beds as described previously?'. The catalyst/oil ratio was calculated
by dividing the amount of zeolite by the amount of gas oil fed.
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Magnetic anomalies associated with slowly cooled igneous and
metamorphic rocks are commonly attributed to the presence of
the mineral magnetite. Although the intermediate members of
the ilmenite—haematite mineral series can also carry a strong
ferrimagnetic remanence’, it is preserved only in rapidly cooled
volcanic rocks, where formation of intergrowths of weakly
magnetic haematite and paramagnetic ilmenite is suppressed.
But the occurrence of unusually large and stable magnetic
remanence in rocks containing such intergrowths has been
known for decades®®, and has recently been the subject of intense
investigation®'°. These unmixed oxide phases have been shown
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to contain pervasive exsolution lamellae with thickness from
100 pm down to about 1 nm (one unit cell). These rocks, many of
which contain only a few per cent of such oxides, show natural
remanent magnetizations up to 30 Am~'—too strong to be
explained even by pure haematite in an unsaturated state'"'%.
Here we propose a new ferrimagnetic substructure created by
ferrous—ferric ‘contact layers’ that reduce charge imbalance along
lamellar contacts between antiferromagnetic haematite and
paramagnetic ilmenite. We estimate that such a lamellar
magnetic material can have a saturation magnetization up to
55kAm~'—22 times stronger than pure haematite—while
retaining the high coercivity and thermal properties of single-
domain haematite.

Slowly cooled rocks from New York®, Sweden’ and Norway®
containing finely exsolved members of the haematite—ilmenite
(Fe,05—FeTiO;) series, have strong and extremely stable remanent
magnetization, suggesting an explanation for some magnetic
anomalies in the deep Earth and on planetary bodies that no longer
retain a magnetic field, such as Mars. Common to these rocks are
grains of ilmenite-haematite containing multiple generations of
exsolution lamellae, with thickness ranging down to unit-cell scale
(1-2 nm; Fig. 1). These were magnetized about one billion years ago,
and are magnetically extremely ‘hard’ (many do not demagnetize in
alternating fields of 0.1 T, the typical maximum alternating field
used in palaecomagnetic laboratories). Thermal experiments show
that demagnetization occurs between 530 °C and 650 °C, compar-
able to, or higher than, near-endmember magnetite, and consistent
with slightly titanian haematite. Haemo-ilmenite samples without
coexisting magnetite have natural remanent magnetization to
magnetic saturation ratios of only ~2.5%, showing that the hae-
matite component is in an unsaturated state. These observations led
to a theoretically unexplained but firm conviction that the magnetic
remanence of these materials relates to the abundance of exsolution
lamellae produced during slow cooling, and is strongly coupled to

~ 8 nm haematite
lamellae

~ 2 nm haematite
lamellae

~ 4 nm haematite
lamellae

limenite host

Figure 1 Transmission electron microscope image of haematite exsolution lamellae
parallel to (001) in an ilmenite host from South Rogaland, Norway. Three thickness
classes (from left to right) of about 8 nm, 4 nm and 2 nm are shown, interpreted as the
result of three generations of lamellar nucleation and growth with slowly falling
temperature. White scale bar, 100 nm. Dark fringes around lamellae indicate lattice strain
in the host adjacent to coherent lamellar boundaries, postulated to increase magnetic
coercivity'®,
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the antiferromagnetic sublattice of the haematite lamellae”®".

Despite extensive study, the magnetic properties of these
rocks could not be reconciled with their magnetic petrology
using conventional rock-magnetic theory, and required a new
departure.

The crystal structures of ilmenite and haematite consist of stacked
cation layers'*'”. The magnetic moments on alternating layers
(referred to as o and @) align antiparallel to each other. The net
magnetic moment of the structure is given by the difference between
the o and 8 sublattice magnetizations, which in turn is determined
by the partitioning of Fe*¥, Fe’* and Ti between the layers. In pure
haematite, both o and B are occupied by Fe’™, resulting in an
antiferromagnetic structure with zero net moment (in reality, the
antiparallel alignment is slightly canted, leading to a small parasitic
moment perpendicular to the alignment of the spins). In haematite-
rich titanohaematite, Fe**, Fe*™ and Ti are randomly distributed
over o and 3, again leading to an antiferromagnetic structure with
zero net moment. In ilmenite-rich ferri-ilmenite, layers containing
mixtures of Fe** and Fe’T alternate with layers containing mixtures
of Ti and Fe’™. The unequal distribution of Fe leads to a net
ferrimagnetic moment. Because of the high Ti content, however,

(001) layers

P A ’t{ RRRRY R R R "CC\ Fed*
> R se® abs asa asa arn weos Fed+
< Fe®
—— Fe® Antiferromagnetic
P Fed+ haematite
e Fed*
< Fe*
—_—> Fe®*
- Fe® + Fe®*  Contact layer
Ti
Fe2+
Ti
F?Z+ Paramagnetic
Ti iimenite
Fe?*
Net Ti
ferrimagnetic Fe2+
moment Ti
< Fe?* + Fe®*  Contact layer
e Fed+
D Fe®
—_— Fed+
< Fe**  Antiferromagnetic
— . Fe3+ haematite
P2 eI e e e e s IS8
== L] -1‘.-1‘- -v‘-'-v'- Ses 8ss eee Fe"‘*
PP IR CERCRITEICRICER R Fed+
> Fed+

Figure 2 Part of a Monte Carlo simulation of cation ordering, magnetic ordering, and
exsolution in the ilmenite—haematite system. 28 layers of a 40-layer cell are shown.
Simulation was performed at 500K and bulk composition 25 mol% ilmenite (IImos).
During the simulation, the chemical and magnetic interactions between cations and spins
are modelled using pair interaction energies out to third nearest neighbours. The
distribution of the cations and orientations of their magnetic moments (either left or rightin
this case) are varied until thermodynamic equilibrium is achieved (that is, the free energy
is minimized). Instantaneous snapshots of the equilibrium structure can then be
examined. Cations are coloured according to chemistry and orientation of magnetic
moment (red, Fe**, moment 5 ug pointing right; orange, Fe>*, moment 5 ug pointing left;
yellow, Fe?*, moment 4 pg pointing right; green, Fe>*, moment 4 pg pointing left; blue,
Ti with no moment). Upper and lower parts of figure correspond to essentially pure
antiferromagnetic haematite (alternating Fe>* layers with left and right spins). In the
centre is a lamella of essentially pure paramagnetic ilmenite (Ti layers alternating with
layers containing equal numbers of Fe?*-spin left and Fe>*-spin right). Layers at
interfaces between ilmenite and haematite contain a mixture of Fe®* and Fe**. They do
not correspond to the chemistry of either haematite or ilmenite, and are called ‘contact
layers’. They were observed in all simulations performed within the low-temperature
antiferromagnetic haematite 4+ paramagnetic iimenite stability field.
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ferrimagnetic ferri-ilmenites have low Curie temperatures, and are
paramagnetic above room temperature.

According to the above description, exsolution intergrowths of
titanohaematite and ferri-ilmenite, such as those depicted in Fig. 1,
contain an antiferromagnetic phase (with small canted moment)
and a paramagnetic phase, neither of which has the correct com-
bination of properties to explain the strong remanence observed in
these materials. To determine the source of magnetization in these
fine-scale intergrowths, an atomistic simulation of cation ordering,
magnetic ordering, and exsolution in the ilmenite-haematite solid
solution was performed, using the Monte Carlo method'***. Figure
2 shows a small section of a Monte Carlo simulation cell performed
at 500 K and a bulk composition of 25 mol% ilmenite (Ilm,s). The
upper and lower parts of Fig. 2 correspond to essentially pure
antiferromagnetic haematite (layers of Fe* with alternating left and
right spins). In the centre is a lamella of essentially pure paramag-
netic ilmenite (layers of Ti alternating with layers containing equal
numbers of Fe>-spin left and Fe’"-spin right). The cation layers at
the interface between ilmenite and haematite contain a mixture of
Fe*™ and Fe’ . These layers do not correspond to the chemistry of
either haematite or ilmenite, and are referred to as ‘contact’ layers.
They improve, though not perfectly, local Pauling bond-strength
satisfaction of oxygen in layers parallel to (001).

The presence of contact layers creates an imbalance between the
equal and opposite o and § sublattice magnetizations of the
antiferromagnetic haematite host. This imbalance generates a net
ferrimagnetic moment, which necessarily adopts both the coercivity
and thermal stability of the haematite host. This concept is best
illustrated using simplified layer models (Fig. 3). Figure 3a and b

—

—
=

Figure 3 Models of multilayer lamellar magnetism. Panels a and b show haematite hosts,
¢ and d show iimenite hosts. Dark arrows indicate the direction and relative magnitude of
magnetic moments in each cation layer. Open arrows indicate the direction of net moment
for each lamella (4.168 ugin aand b; 4.103 ugin ¢ and d). a,b, 60 layers in a 20/80 ratio
of paramagnetic ilmenite (IImgs.5) and antiferromagnetic haematite (Ilm44.,). Each

contains two ilmenite lamellae, one unit cell thick. In a, the moments of the two lamellae
are in-phase with each other and the net momentis (2 x 4.168)/30 = 0.278 ugp.f.u. In
b, the moments of the two lamellae are out-of-phase with each other, and the net moment
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illustrates an antiferromagnetic host of composition Ilm;, contain-
ing two paramagnetic ilmenite lamellae of composition Ilmgs. These
compositions were chosen to represent possible low-temperature
equilibrium states according to the calculated phase diagram'®. The
haematite host is antiferromagnetic, containing an equal number of
left and right magnetic moments. Insertion of the lower ilmenite
lamella removes an odd number of haematite layers, creating a net
moment equivalent to the sublattice magnetization of a single
haematite layer (My,em), pointing to the right. The sublattice
magnetizations of the two contact layers (M,,) are antiferromag-
netically coupled to the haematite host, creating a magnetic
moment of 2M,,,, pointing to the left. The end result is a net
ferrimagnetic moment for the lamella of 2M o, — Mpgem, pointing
to the left (large arrow).

The orientation of the moment associated with each lamella
depends on its vertical position when nucleated. In Fig. 3a, the
upper lamella is magnetically in-phase with the lower one, and the
moments are additive. For the compositions shown, a net ferri-
magnetic moment of 0.28 up per formula unit (p.f.u.) (where pyp is
the Bohr magneton) is achieved. In Fig. 3b, the upper lamella is
magnetically out-of-phase with the lower one, and the moments
cancel.

Figure 3¢ and d illustrates a paramagnetic host of composition
IImge 7 containing two haematite precipitates of composition Ilmg.
Lamellae in Fig. 3c and d occupy identical positions, dictated by the
surrounding ilmenite (that is, each haematite lamella must be
initiated on a former Ti layer of the ilmenite host). In Fig. 3¢, the
moment of the upper lamella is parallel to the lower one, whereas in
Fig. 3d it is antiparallel. Thus, the orientation of the moments

limenite Ti layer (0.103 Fe3* 0.897 Ti

limenite Fe layer (0.103 Fe* 0.897 Fe?*) .
Haematite Fe’layer (0.94 Fe® 0.03 Fe?*'0.03 Ti)
Contact layer (0.5215 Fe®* 0.4635 Fe?* 0.015 Ti)

1

is zero. Physical positioning of an ilmenite lamella determines the direction, left or right, of
its net moment within an antiferromagnetic haematite host. ¢,d, 100 layers in a 92/8 ratio
of ilmenite (Ilmgg 7) and haematite (Img o). Bottoms of models have been cut to save
space. Each contains two haematite lamellae, two-thirds of a unit cell thick. For ¢, the
net moment of the upper lamella points to the left, whereas in d it points to the right. For
¢, the net moment is (2 X 4.103 p g)/50 = 0.164 ug p.f.u. For d, the net moment is
zero.
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associated with haematite lamellae in an ilmenite host are not
related to their physical placement, as is the case for ilmenite
lamellae in a haematite host (Fig. 3a and b). For the compositions
shown, the net moment in Fig. 3c is 0.164 p p.f.u. The differences
between haematite and ilmenite hosts in Fig. 3 reflect variations in
coercivity. Demagnetization in ilmenite requires only demagnetiza-
tion of haematite lamellae; in haematite, the entire host must be
demagnetized.

Natural haematite and ilmenite hosts should contain combi-
nations of in-phase and out-of-phase lamellae. No crystallographic
feature favours in-phase over out-of-phase nucleation, but there is a
natural condition favouring in-phase lamellae. When (001) planes
of haematite or ilmenite are parallel to the magnetic field at
nucleation, the field will strongly favour nucleation of in-phase
lamellae, and strong remanence in (001). In a haematite host, this
implies that the field actually determines the physical placement of
the nucleating ilmenite lamellae. In an ilmenite host, however, the
field only determines the magnetic orientation of haematite lamel-
lae; physical position is dictated by chemistry. When (001) planes
are normal to the field, or in the absence of a field, a random
distribution of in- and out-of-phase lamellae results, producing
zero net magnetization.

The intensity of lamellar magnetism is strongest when (1) the
proportion of exsolved lamellar material is large, (2) lamellae are of
minimal size and maximum abundance, maximizing the surface
area of contact layers, and (3) host (001) planes are parallel to the
magnetizing field, promoting in-phase magnetization. In favour-
able natural circumstances, a saturated magnetic moment of
0.3 ppp.fu. might be achieved with magnetic moments of all
lamellae in-phase and aligned, corresponding to 55kAm™ ',
which may be compared to 480kAm™"' for pure magnetite and
2.5kAm™" (ref. 15) for pure spin-canted antiferromagnetic hae-
matite. Thus, a magnetization 22 times larger than pure haematite is
achievable, while retaining the high coercivity and thermal stability
of single-domain haematite. A rock containing 1% of similar
material, but with only 6% of lamellae magnetically in phase,
would have a magnetization of 33 Am™ .

Kletetschka et al.'” have an alternative explanation for the strong
and stable remanence of titanohaematite in haemo-ilmenite. They
claim early formation, during cooling, of coarse antiferromagnetic
haematite lamellae, which are multidomain and hence, according to
these authors, capable of acquiring strong thermal remanent mag-
netization, which is merely ‘hardened’ by later exsolution. This
would have a spin-canted magnetization perpendicular to the
lamellar magnetic moment proposed here. However, in our
interpretation of the phase diagrams'>'®, the only permissible coarse
titanohaematite lamellae would be paramagnetic (magnetically
disordered) during their formation, only becoming magnetized
on cooling below 390°C (ref. 15) as they break down to a fine
intergrowth of ordered antiferromagnetic haematite and cation-
ordered ilmenite, qualitatively like the pattern illustrated in Fig. 3a.
This low exsolution temperature shows that the magnetization is a
chemical remanence, not a thermal remanent magnetization,
because formation of the antiferromagnetic haematite takes place
100-200 °C below its Néel temperature.

Lamellar magnetism, with its ‘hard’ magnetic memory, is respon-
sible for many remanence-dominated anomalies over ancient Earth
rocks, and is a possible source for some deep-crustal magnetic
anomalies on Earth or on planets such as Mars that once had a
magnetic field. We believe that lamellar magnetism could also
provide the basis for development of a highly stable magnetic
storage unit. (|
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Most craters found on Earth are highly eroded, poorly preserved
and only exposed on land'?. Here we describe a multi-ringed
impact structure discovered in the North Sea from the analysis
of three-dimensional seismic reflection data. The structure is
20km in diameter, and has at least ten distinctive concentric
rings located between 2 and 10km from the crater centre. The
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