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ABSTRACT

The role of single-domain (SD) magnetic particles in creation of inverse magnetic
fabrics is investigated on simple mathematical models using a realistic estimate for SD
intrinsic susceptibility. In contrast to the fraction created by multi-domain (MD) particles,
in which the anisotropy of magnetic susceptibility (AMS) is controlled by both the grain
AMS and intensity of the preferred orientation of the particles, the AMS of the SD fraction
is controlled solely by the intensity of the preferred orientation. The degree of AMS of
ensemble of SD grains with a preferred orientation is therefore much higher than that of
the same ensemble of MD particles implying the existence of frequent inverse magnetic
fabrics. However, the occurrence of inverse magnetic fabrics due to SD particles is more
the exception than the rule. Consequently, the amounts of SD particles is probably in
general low. Nevertheless, the presence of SD particles in amounts insufficient to create
inverse magnetic fabrics may diminish the whole rock AMS substantially. This can be one
of the reasons for relatively low AMS in volcanic rocks whose magnetic particles may be
really small obeying the conditions for the existence of SD particles.

Keywords: AMS of SD magnetic particles, inverse magnetic fabric, volcanic rocks
1. INTRODUCTION

In most rocks, the magnetic fabric investigated through the anisotropy of magnetic
susceptibility (AMS) is concordant with the macroscopic rock fabric, i.e. the magnetic
foliation is roughly parallel to the main mesoscopic foliation of whatever origin and the
magnetic lineation to the mesoscopic lineation. This magnetic fabric can be termed
normal magnetic fabric. In some rocks, the magnetic lineation is perpendicular to the
mesoscopic lineation and the magnetic foliation perpendicular to the mesoscopic foliation
(e.g., Graham, 1966; Rochette, 1988; Ihmlé et al., 1989; Winkler et al., 1996; Borradaile
and Gauthier, 2001; Ferre, 2002; Chadima et al., 2009); this magnetic fabric can be
termed inverse magnetic fabric. The reasons for the existence of the inverse magnetic
fabric may be geological as, for instance, tectonic thickening in deformed rocks (e.g.,
Graham, 1966), special lava flow mechanism in dykes (e.g., Raposo and Ernesto, 1995),
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AMS carried by tourmaline, or cordierite, or iron-bearing carbonates (e.g., Thmlé et al.,
1989; Rochette et al., 1992) or physical, viz AMS carried by single-domain (SD) magnetic
grains (e.g., Stephenson et al., 1986).

The inverse magnetic fabric is particularly important in volcanic rocks. Namely, in
lava flows, sills, and dykes, whose AMS is carried by multi-domain (MD)
titanomagnetite, in which the AMS ellipsoid resembles the ellipsoid-approximated grain
shape, the magnetic foliation is often found to be near the flow plane and the magnetic
lineation is mostly parallel to the lava flow direction (Ernst and Baragar, 1992; Canon-
Tapia et al., 1994; Raposo and Ernesto, 1995; Hrouda et al., 2002). Less frequently, the
magnetic foliation is roughly perpendicular to the flow plane and the magnetic lineation
perpendicular to the lava flow direction, clearly creating the inverse magnetic fabric (e.g.,
Raposo and Ernesto, 1995; Chadima et al., 2009). This fabric may be either due to special
lava flow regime or, in rocks with normal lava flow regime, due to prevailing
representation of magnetic minerals by SD grains, because in these grains the maximum
and minimum susceptibilities are oriented inversely with respect to grain shape
(Stephenson et al, 1986). This dualism can have unpleasant consequences for the
interpretation of a particular magnetic fabric. Two tools to discriminate between the
inverse magnetic fabric due to special lava flow regime from that due to dominating
presence of SD particles were suggested by Stephenson et al. (1986) and Almgvist et al.
(2012). They consist of the investigation of both AMS and anisotropy of magnetic
remanence (AMR) or high-field (torque) magnetic anisotropy (HFA). While the AMS
magnetic fabric is inverted in SD particles with respect to MD particles, the AMR or HFA
magnetic fabric is always coaxial in MD and SD particles. Consequently, the inverse
AMS fabric can be interpreted correctly either in terms of special lava flow regime or in
terms of dominating SD particles.

The interplay between mineral fractions with normal and inverse magnetic fabrics was
investigated on mathematical models simulating varying proportions of the above
fractions (Rochette et al., 1992, 1999; Dragoni et al., 1997; Ferré, 2002). It was found
that increasing proportion of mineral fraction with inverse magnetic fabric results in
progressively decreasing the intensity of the overall magnetic fabric and vice versa. The
orientations of magnetic foliations and magnetic lineations are in general controlled by the
prevailing fraction. Intermediate magnetic fabrics, characterized by the parallelism of both
the magnetic lineation and magnetic foliation pole to the macroscopic rock foliation, were
also revealed.

The present paper extends the above models by estimating the AMS of both the MD
and SD magnetite (titanomagnetite) fractions considering the same realistic directional
distributions of the axes of both the MD and SD particles as well as realistic intrinsic
susceptibilities of theirs. Using this model, the importance of the SD magnetic fabric is
investigated as well as the conditions under which the SD fabric only weakens the MD
fabric and those under which the SD fabric can dominate the rock magnetic fabric. Partial
solutions are suggested to quantitatively assess the effect of SD particles on the whole
rock AMS.
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2. MODEL OF THE AMS OF MAGNETICALLY MONOMINERALIC ROCK

Theory of the low-field AMS is based on the assumption of the linear relationship
between magnetization and magnetizing field, traditionally described in the SI of units,
which is used throughout the paper, as follows

M=kH , (1)

where M is magnetization vector, H is vector of the intensity of external magnetizing
field, and k is symmetric second-rank tensor of apparent or measured magnetic
susceptibility. In magnetic fabric studies, the AMS of rocks is conveniently characterized
by the following parameters derived from the principal susceptibilities of the k tensor
(e.g., Nagata, 1961; Jelinek, 1981)

k 21, =1 —
poithrh p R g TR e
3 k3 m=s

where ky > ky > k3 are principal susceptibilites and 7 =Ink;, 7, =lnk,, n; =Ilnk;.
The parameter %, is the mean susceptibility, P is the degree of AMS and T characterizes
the shape of the AMS ellipsoid. If 0 < 7< 1, the AMS ellipsoid is oblate; 7= 1 means that
the AMS ellipsoid is rotational oblate. If -1 < T"< 0, the AMS ellipsoid is prolate; 7= -1
means that the AMS ellipsoid is rotational prolate. If 7= 0, the ellipsoid is neutral.

In general, the rock AMS is controlled by both the grain AMS of the mineral carrying
the rock’s AMS and the preferred orientation of the mineral (e.g., Hrouda, 1982; Tarling
and Hrouda, 1993). In the AMS models, the grain AMS is usually characterized by the
above parameters and the preferred orientation is represented either by Bingham
distribution (e.g., Owens, 1974) or by Fisher distribution (e.g., Hrouda, 1980). Besides, it
can be characterized by the orientation tensor E, which, for uniaxial magnetic grains, is
defined as follows (Scheidegger, 1965; Jezek and Hrouda, 2000)

Zl’llz Zilimi zilini
1

E=—) 3 mh >omio Y mn | (3)
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where [;, m;, n; are the direction cosines of the i-th grain axis and # is the number of the
grains considered. The principal values of the tensor E (E| > E, > E3) satisfy the condition

Ey+E,+Ey=1. The intensity of the preferred orientation of the grain axes can be
characterized by the I parameter introduced by Lisle (1985)

3 2
1=1—52(E,- —l) ; @)

24507 3

where E; (i =1, 2, 3) are principal values of the orientation tensor. It can vary from 0 for
isotropic fabric to 5 for the fabric in which all grain axes are perfectly parallel to one
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another. The character of the preferred orientation can be characterized by the T,
parameter analogous to the 7" parameter used in AMS studies
_ 21nE2 —lnEl —lnE3

T . (5)
¢ In El —In E3

Consequently, -1<7,<0 (E; > E, > E3) represents a cluster type of distribution,
whereas 0 < T, <1 (E; > E, < E3) corresponds to a girdle type pattern.

A straightforward relationship exists between the orientation tensor and the
susceptibility tensor (see Jezek and Hrouda, 2000)
k=KI+AE , (6)
where k is rock susceptibility tensor and I is identity matrix. For prolate spheroids,
K=K,=K3, A=K —-K (K| =K, >Kj3 are grain principal susceptibilitiecs) and E is
orientation tensor of grain maximum susceptibility axes. For oblate spheroids,
K=K;=K,, A =K-Kj5and E is orientation tensor of grain minimum susceptibility axes.
The representation of the mineral preferred orientation through the orientation tensor,
which is the symmetric second rank tensor, may seem to be an oversimplified approach
with respect to the possible complexities of the natural fabrics known from X-ray pole
figure goniometry or electron backscatter diffraction. However, one should realize that the
AMS measured in weak magnetic fields, in which the magnetization is directly
proportional to the magnetizing field, is also represented by the symmetric second rank
susceptibility tensor and cannot in principle provide us with the information of partial
maxima or minima. From this point of view, the use of the orientation tensor is adequate
for the sake of correlation of the mineral preferred orientation and the AMS.

3. GRAIN AMS OF MD AND SD PARTICLES

In MD ferromagnetic substances, the external magnetizing field is modified within
each particle by the demagnetizing field and Eq. (1) can then be modified as follows

M =xH,; =x(H-NM) , (7

where x is tensor of true or intrinsic susceptibility, Hey is vector of the intensity of
effective magnetizing field within particle, and N is tensor of demagnetizing factor solely
depending on the particle shape (e.g., Osborn, 1945; Stoner, 1945; Coe, 1966; Newell et
al., 1993). Then, the tensor of apparent susceptibility of the MD mineral of magnetite
(titanomagnetite) type, which is magnetically isotropic in weak magnetic fields, is as
follows (e.g., Nagata, 1961; Uyeda et al., 1963; Stacey and Banerjee, 1974; Jelinek,
1993)

K=r(T+xN)", (®)
where « is the isotropic intrinsic susceptibility and I is identity matrix.

Figure 1 shows the apparent vs. intrinsic susceptibility plot for spherical particle. For
x < 0.1 the apparent susceptibility virtually equals the intrinsic one. With increasing x; the
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Fig. 1. Relationship between apparent and intrinsic susceptibilities for spherical particles.

apparent susceptibility increases more slowly, and at x> 100, the apparent susceptibility
no longer increases with increasing intrinsic susceptibility, infinitesimally approaching 3.
Unfortunately, the intrinsic susceptibility of magnetite (titanomagnetite) is only poorly
known, because it can be measured only by special permeameters avoiding self-
demagnetizing effects (Stacey and Banerjee, 1974, p. 71), which are not frequent in rock
magnetism laboratories. Nevertheless, the existing data indicates that it varies likely from
5 to 20 (Parry, 1965; Stacey and Banerjee, 1974; Janak, 1977; Hartstra, 1982; Dunlop,
1984; Dunlop and Ozdemir, 1997).

The components of the grain tensor of the apparent susceptibility of magnetite
(titanomagnetite) ellipsoidal particle in the coordinate system of particle axes (a > b > ¢)
are

K K K

K= K, = . Ky = ,
H 27 1kN, T 7 14kN, )

Ky =Ky =Kp3 = K3 = K3 = K3, =0.

N,, Np and N, are the demagnetizing factors along the respective grain axes. Figure 2
shows the relationship between the grain degree of AMS and grain aspect ratio for prolate
spheroids as a function of intrinsic susceptibility. It is obvious that the degree of grain
AMS increases both with grain aspect ratio and intrinsic susceptibility. From Eq. (9) it
follows that the shape of the AMS ellipsoid is similar to that of the ellipsoidal grain, i.e.
the maximum susceptibility is parallel to the maximum grain axis, the same relationship
holding for the minimum axes.

Hargraves et al. (1991), Stephenson (1994), Grégoire et al. (1995, 1998) and Carion-
Tapia (1996, 2001) have shown that the AMS of volcanic rocks can be carried not only by
mutually non-interacting anisometric grains of ferromagnetic minerals, but also by
clusters of interacting grains, which can be even spherical, and called this phenomenon as
distribution anisotropy. They also stated that the degree of AMS of these clusters can be
significantly higher than that of individual grains. In 1D and 2D clusters, the degree of
AMS may reach P=2 (Stephenson, 1994), while in 3D clusters it may reach P =4
(Carion-Tapia, 1996).
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Fig.2. Relationship between the grain degree of anisotropy of magnetic susceptibility and grain
aspect ratio for prolate spheroids for varying intrinsic susceptibility values x.

In SD magnetite (titanomagnetite) particles, the situation is quite different. If the
particle is magnetized along its easy axis, no additional magnetization is induced, because
the particle is already saturated along this direction; the susceptibility in that direction is
effectively zero. If the particle is magnetized perpendicular to the easy axis (this direction
is henceforth denoted by subscript L), the magnetization can slightly rotate toward the
field in such away that the component of magnetization in the hard direction is
proportional to the internal field component in that orientation; the susceptibility is non-
zero. The intrinsic susceptibility along this direction is (Dunlop and Ozdemir, 1997)

2
_toMs My
2K, H,

a

Ky (10)
where 1 is permeability of free space, M, is saturation magnetization, K, is anisotropy
constant and Hj =2K,/ugM is microscopic coercivity related to macroscopic
coercivity (H,) as Hy; =2.09H,. (Worm, 1998; Worm and Jackson, 1999). The apparent
susceptibility then is (Hartstra, 1982)

K
K =—2t—. (11)
1+KJ_Nb

The components of the grain tensor of the apparent susceptibility of magnetite
(titanomagnetite) prolate spheroidal SD particle in the coordinate system of particle axes
(a=zb>c)are

Kj1=0, Kp=K,, Kj3=K,, Kjp =Ky =Ky3=K3 =K;3=K3=0. (12)

In oblate particles, in which the spontaneous magnetization freely rotates in the plane
perpendicular to the particle axis (see Dunlop and Ozdemir, 1997), the same components
are

Ki1=0, Ky =0, Ky3=K,, Kjp =Ky =Ky3=K3 =K;3=K3;=0. (13)
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4. MODELS OF MAGNETIC FABRICS OF ENSEMBLES OF PARTICLES

Our investigation will be made using a very simple model considering an ensemble of
magnetite/titanomagnetite grains (or their clusters) disseminated in the matrix of zero
susceptibility. The grains have more or less the same shape, but show continuous
distribution in size ranging from very small (SD) to slightly bigger (MD). Hence, the
magnetic particles create one population from the mechanical point of view, but two sub-
populations from the magnetic point of view. It is assumed that the preferred orientation
of the grain axes originated during one process (for instance during lava flow), thus being
represented by the same orientation tensor (and its / and 7, parameters) in MD and SD
particles. There is no reason for the particles to change either their orientation or grain
shape on the threshold of the existence of SD states.

The model rock susceptibility tensor in external coordinate system is

k=pY (R -KR), (14)

where p is percentage of magnetic mineral in rock, K is grain/cluster susceptibility tensor
in the particle coordinate system and R is orientation matrix specifying grain/cluster
orientation in the external coordinate system and consisting of direction cosines of grain
axes and R’ matrix is the transpose of the matrix R.

In MD particles, one can calculate the grain apparent susceptibility tensor from
intrinsic susceptibility and demagnetizing factor (shape of the grain) using Eq. (9).
Figure 3, which was constructed considering the magnetite intrinsic susceptibility of
x= 20, shows the variation of the degree AMS of the model according to / parameter for
several values of the grain aspect ratio (a/b ). It is obvious that the model degree of AMS

increases with increasing grain aspect ratio and with increasing intensity of the orientation
of particle axes. The maximum susceptibility direction is parallel to that of maximum
concentration of particle axes.

In clusters of MD particles, one can calculate the cluster AMS using the equations by
Stephenson (1994) or Carnon-Tapia (1996) who also present corresponding graphs.

N
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Fig.3. Model of the variation of the degree of anisotropy of magnetic susceptibility of the
ensemble of magnetite multi-domain particles (prolate spheroids) with the / parameter for several
values of the grain aspect ratio (a/b ).
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Fig.4. Model relationship between the rock degree of anisotropy of magnetic susceptibility and

grain degree of anisotropy of magnetic susceptibility for varying intensity of the preferred
orientation, /, of the axes of prolate spheroids of equal size.

However, as the cluster AMS corresponds to the AMS of strongly elongated grains, it is
from the purely formal point of view in the frame of our modelling sufficient, to work
with the grain AMS, only (i.e., to consider clusters as elongated grains). Even though it is
not possible to explicitly present it in terms of P, parameter, the grain degree of AMS of
SD particles is no doubt extremely large (see Eqs (12) and (13)). Hrouda (1980) showed
that the degree of AMS of the rock whose AMS is carried by very strongly anisotropic
grains (Pg>100) is solely controlled by the preferred orientation of the grains (for
illustration see Fig. 4). We can use this property in modelling the AMS of an ensemble of
SD particles.

In SD particles, one can calculate the grain apparent susceptibility tensor from
Eqgs (10)—(13). Figure 5, which was constructed considering M;=480kA/m and
K,=2.5x10*J m3 for magnetite (Dearing et al., 1996; Dunlop and Ozdemir, 1997),
shows the variation of the degree AMS of the model containing the SD particles according
to / parameter. Even though the curves were calculated for various grain aspect ratios and
therefore also for various Ny in Eq. (11), only one curve is presented in Fig. 5, because the

a) b)
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Fig.5. Model of the variation of the degree of anisotropy of magnetic susceptibility of the
ensemble of uniaxial single-domain magnetite particles with a) / parameter ranging widely (from
0.5 to 4.5), and b) an order-of magnitude less (from 0.05 to 0.45).
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differences between individual curves were so small that they could not be illustrated
graphically. It is obvious that the model degree of AMS increases with increasing
intensity of the orientation of particle axes. The maximum susceptibility is then parallel to
the maximum concentration of the shortest particle axes and the minimum susceptibility is
parallel to the maximum concentration of the longest axes (Stephenson et al., 1986). If the
I parameter range is used similarly to that used in MD particles, the rock degree of AMS
is mostly unrealistically high (Fig. 5a). To obtain realistic values, one has to consider
values of the / parameter that are orders of magnitude lower (Fig. 5b).

Using the same conceptual framework as that by Henry (1983), Henry and Daly
(1983), Canon-Tapia (2001) and Ferré (2002), and realizing that each susceptibility
tensor can be resolved into the mean susceptibility and the normed susceptibility tensor,
the susceptibility tensor of the model consisting of both MD and SD particles, whose axes
have the same orientations, can be written

k =cyp Pk, Pk, +csp*P K, 5Pk, (15)
where MP k, and 5p k, are normed suscetibility tensors of MD and SD fractions,

respectively, MDKm and 5P K,, are mean susceptibilities of MD and SD fractions,
respectively, and csp and cgp are percentages of MD and SD particles, respectively. It is

worth to note that the mean susceptibilities of the MD and SD particles differ. Figure 6a
shows the variation of the degree AMS of the model according to cgp parameter

(cpp =1—cgp) for constant M, (480 kA/m) and several values of the / parameter and

grain aspect ratio. It is obvious that the degree of AMS of the model initially decreases
with increasing SD particle content and the maximum susceptibility direction is parallel to
that of maximum concentration of particle axes (normal magnetic fabric). After reaching
the lowest value, the degree of AMS of the model increases again and it is the minimum
susceptibility direction that is parallel to that of maximum concentration of particle axes
(inverse magnetic fabric). Figure 6b shows the same variation for constant /=1 and
a/b=2 and variable Ms (ranging from 100 kA/m through 200-400 kA/m to 500 kA/m).

The variations are very similar to those of Fig. 6a.

In the models presented in Fig. 6a,b, all the MD and SD particles are equal (MD grains
have the same intrinsic susceptibility, SD the same saturation magnetization, and both SD
and MD have the same aspect ratio and the same orientation tensor). This simplification
enables us to evaluate the bulk susceptibility using the relation between susceptibility and
orientation tensor, Eq. (6). To suppress a suspicion that the model is oversimplified, we
present in Fig. 6¢ a more complex example. We model a multiparticle system composed
from a large number of similar but unequal prolate MD and SD particles (together 2000
particles) that from an initial random orientation were reoriented by plane strain (/= 1).
Final orientation of the particles is shown in the lower area projection (SD particles
marked by dots, MD by circles; elongation axis of plane strain is parallel to the x-axis).
Aspect ratios of both SD and MD were randomly generated from the normal distribution

N (2, 0.3% ) , effectively ranging from 1.4 to 2.6. Similarly, intrinsic susceptibilities of

MD particles were randomly chosen between 10 and 30, and SD saturation magnetization
was between 150 and 350 kA/m. As the particles are unequal, the previous approach
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based on the orientation tensor cannot be used. Individual particles rotate differently
(according to their aspect ratio) and the bulk susceptibility must be computed by summing
up all rotated individual (magnetically unequal) particles. Software by Jezek and Hrouda
(2002) was adapted to do the task and the bulk susceptibility was repeatedly evaluated for
variable percentage of SD particles. The resulting curve of the parameter P shown in
Fig. 6¢ is very similar to the previous ones (Fig. 6b). Small squares on the curve indicate
concentrations for which the first eigenvector of bulk susceptibility is computed and
plotted in the stereogram. For low concentrations of SD the first eigenvector is parallel to
plane strain main axis and switches into a perpendicular direction when SD concentration
becomes higher. Additional modelling showed that the character of the P curve does not
change if SD particles have different distribution of aspect ratios than MD (for example,
SD are less prolate). This is valid also if we allow the MD and SD subfabrics to have
differently oriented maxima. For a difference ~20° the transition from MD to SD
dominated fabric (from normal to inverse fabric) is still well visible on the P curve,
although the minimum is not so well pronounced.

00 02 04 06
Percentage of SD
c)
1.7

1.0 T T T
0.0 0.2 0.4 0.6 0.8

Percentage of SD

Fig. 6. Model of the effect of interplay of single-domain (SD) and multi-domain (MD) particles
on the resultant degree of anisotropy of magnetic susceptibility for a) constant saturation
magnetization M (480 kA/m) and variable intensity of the preferred orientation (/) and the grain

aspect ratio (a/b ), b) constant /=1 and a/b=2 and variable My, and ¢) for random distribution of
parameters (see text for explanation).
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In addition to plane strain, we also considered predominating flattening or constriction.
Even though there are differences in detail, the general trends are similar regardless of the
deformation considered.

5. IMPLICATIONS OF THE MODEL FOR ASSESSING THE EFFECT
OF SD PARTICLES

At present, there is no universal tool in the low-field AMS how to assess the effect of
SD particles on the whole rock AMS quantitatively. Only partial solutions exist. If the
rock investigated shows the inverse fabric, one can measure the AMS and AMR or the
AMS and HFA. If the AMS fabric and AMR (HFA) fabric are antiparallel, i.e. K3 in AMS
is parallel to K; in AMR (HFA) and K; in AMS is parallel to K3 in AMR (HFA), the
inverse magnetic fabric is likely due to the prevailing effect of the SD particles in the
rock. If the fabrics are parallel, i.e. K3 in AMS is parallel to K3 in AMR (HFA) and K in
AMS is parallel to K| in AMR (HFA), the inverse fabric is likely due to geological
reasons. Examples of the use of these techniques are presented in Chadima et al. (2005)
and Almqvist et al. (2012).

Another partial solution based on the results of the above modelling is as follows. If
the rock AMS is carried by a mineral that shows measurable variation of its susceptibility
with magnetizing field (for example, titanomagnetite), one can investigate also the field
variation of the AMS and determine the AMS of the MD fraction (see Hrouda, 2009).
After comparing it with the whole rock AMS, one can assess the effect of SD fraction on
the whole rock AMS. Two small groups of specimens of volcanic and dyke rocks can
illustrate this technique. The first group consists of two specimens of basalts from Hawaii,
provided by Dr. Carsten Vahle, and of two specimens of ignimbrites from the Western
Carpathians, provided by Dr. Emé Marton. The dominating susceptibility carrier is
titanomagnetite in all of them. The AMS of these specimens was measured in variable
low-fields and the AMS of the MD titanomagnetite fraction was then calculated using the
method by Hrouda (2009). This was possible, because all the specimens show
conspicuous linear dependence between susceptibility and magnetizing field in the field
interval 50-400 A/m (Fig. 7a). In basalt specimens (SR 720 and SR 719), the degree of
AMS of the whole rock is relatively similar to the degree of AMS of the MD fraction
(Fig. 7b). It is likely that the whole rock AMS is dominantly carried by the MD fraction
and the effect of the SD fraction is small. On the other hand, in ignimbrite specimens
(BO 4459 and BO 4460), the whole rock degree of AMS is very low, much lower than the
degree of AMS of the MD fraction (Fig. 7b). According to the personal information by
Dr. E. Marton, the ignimbrite contains large amount of SD particles in its ferromagnetic
fraction revealed by the investigation of hysteresis properties. As the AMS of the SD
fraction shows the inverse orientation with respect to the AMS of MD ferromagnetic
fraction (Stephenson et al. 1986; Ferré 2002), this may explain relatively high degree of
AMS of the MD ferromagnetic fraction and very low degree of AMS of the whole rock.

The second group consists of 14 specimens of volcanic and dyke rocks (camptonite,
bostonite, trachybasalt) from several localities of the Ceské Stfedohoii Mountains, which
were provided by Dr. Martin Chadima. In this group, one can find specimens in which the
degree of AMS of the whole rock and of the MD ferromagnetic fraction are similar
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Fig. 7. a) Field variation of normalized susceptibility ( K / K,in ) and b) column diagram of the

degree of anisotropy of magnetic susceptibility (P) of the whole rock and of the multi-domain
ferromagnetic fraction for basalt and ignimbrite.

(specimens CS 18/10/2, CS 27/02/2, see Fig. 8a) and the effect of the SD fraction is small;
the AMS and AMR fabrics in localities CS 18 and CS 27 are very well coaxial (Fig. 8b,c).
On the other hand, there are specimens in which the degree of AMS of the MD
ferromagnetic fraction is much higher than that of the whole rock (specimens CS 32/24/2,
CS 33/02/1, CS 39/14/01, CS 44/01/1). In these specimens, the effect of the SD fraction
on the whole rock AMS is strong, diminishing it. In locality CS 32, the AMS fabric is

inverse with respect to the AMR fabric (Fig. 8d), in localities CS 33 and CS 39, AMSk3

and AMRk3 are parallel, while AMSkl and AMRk1 are perpendicular (Fig. 8e). One may
in this way assess the effect of the SD particles on the whole rock AMS.

6. DISCUSSION

Our modelling shows that the degree of AMS of ensemble of preferably oriented SD
particles is much higher than that of ensemble of MD particles possessing the same
particle shapes and the same intensity of preferred orientation. This might imply existence
of prevailing inverse magnetic fabrics provided that the rocks contain MD and SD
particles in comparable amounts. However, the reality is very different, the occurrence of
inverse magnetic fabrics due to SD particles is in the most rocks rather exception than
arule. In fact, the inverse magnetic fabrics due to SD particles were identified only in
some volcanic rocks, whose magnetic particles may partially be really small obeying the
condition for existence of SD particles (e.g., Stephenson et al., 1997, Worm and Jackson,
1999; Chadima et al., 2009). Caiion-Tapia and Mendoza-Borunda (2014) even deny the
existence of the inverse fabric due to SD particles at all and present a number of
arguments for that. On the other hand, there are AMS fabrics evidently inverse to the
AMR fabrics (e.g., Chadima et al., 2009) as well as the low-field AMS fabrics inverse to
the HFA fabrics (4/mqvist et al., 2012), which is in contradiction to the Carion-Tapia and
Mendoza-Borunda (2014) view. Considering all these facts we can conclude that the
amounts of SD particles are in general very low.
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Fig. 8. a) Column diagram of the whole rock degree of anisotropy of magnetic susceptibility
(AMS) and multi-domain (MD) ferromagnetic fraction degree of AMS for volcanic and dyke rocks,
and b)—e) principal directions of locality mean tensors with respective confidence areas for the same
rocks. The figures b)—e) are equal-area plots on lower hemisphere and were adapted from Chadima
et al. (2009). In b)—e): B — maximum direction, A — intermediate direction, ® — minimum direction;

black symbols represent anisotropy of magnetic susceptibility, grey symbols represent anisotropy of
magnetic remanence.
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The degree of AMS of volcanic rocks is generally low (for summary see Hrouda,
1982; Tarling and Hrouda, 1993; Cafion-Tapia, 2004, 2011), being lower in low viscosity
lavas than in high viscosity ones (Hrouda et al., 2005). The low degree of AMS in
volcanic rocks is commonly explained by assuming the flowing lava being relatively
ineffective in orientating magnetic particles (for review see Tarling and Hrouda, 1993;
Caiion-Tapia, 2004). In addition, Hrouda et al. (1994) found out in their modelling
studies that if the lava flow resembles simple shear movement in terms of strain, the
intensity of the preferred orientation of particles may exhibit oscillatory motions with
increasing strain and the degree of AMS behaves in the same way. Our modelling adds the
third possible cause of the low degree of AMS, i.e. the simultaneous effect of MD and SD
particles. This is well illustrated by Fig. 6 showing that the effect may in some cases give
rise to really low degree of AMS. As lavas can in general cool relatively rapidly, at least
a part of ferromagnetic minerals can be very small (SD) resulting in non-negligible effect
of these particles.

The investigation of the field variation of the AMS in the fields of the Rayleigh law
range provides us with the field-independent and field-dependent AMS components
(Hrouda, 2009). While the former component can be controlled by various factors, the
latter component is solely the MD phenomenon. By comparing the field-dependent AMS
component to the whole-rock AMS, the fabric of SD particles can be roughly assessed.
Using the MFK1-FA Kappabridge or the KLY5-A Kappabridge equipped with the 3D
rotator, the measurement of the field variation can be automated (Studynka et al., 2014),
thus enabling large collections of specimens to be easily measured.

7. CONCLUSIONS

Using simple mathematical models, the role of single-domain (SD) magnetic particles
was investigated in creation of inverse magnetic fabrics. The modelling has brought the
following conclusions:

1. The anisotropy of magnetic susceptibility (AMS) of multi-domain (MD)
titanomagnetite fraction is controlled by the grain shape and intrinsic susceptibility
and the intensity of the preferred orientation of the grains. On the other hand, the
AMS of SD fraction is controlled by the intrinsic susceptibility in the direction
perpendicular to the easy axis and by the intensity of the preferred orientation of
the particles.

2. The degree of AMS of ensemble of preferably oriented SD particles is much higher
than that of the ensemble of MD particles showing the same preferred orientation.
This would imply existence of frequent inverse magnetic fabrics. However, the
occurrence of inverse magnetic fabrics due to SD particles is rather exception than
a rule. Consequently, the amounts of SD particles must be in general low.

3. The presence of SD particles in the amount insufficient for creation of an inverse
magnetic fabric may nevertheless diminish the whole rock AMS. It can be one of
the reasons for relatively low AMS in volcanic rocks whose magnetic particles
may be really small obeying the condition for existence of SD particles.

4. The role of SD particles in controlling the whole rock AMS can be assessed
through investigation of both AMS and anisotropy of magnetic remanence (AMR),
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through investigation of field-dependent AMS, or through investigation of high-
field (torque) magnetic anisotropy (HFA).
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