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INTRODUCTION

Geological objects typically contain a complex
mixture of magnetic minerals of different origin. At
present, rock magnetism has separated into an indi�
vidual research field which offered a variety of meth�
ods for exploring the composition, origin, and charac�
ter of the secondary transformations in the rocks
(Sholpo, 1977; Pechersky et al., 2006; Burov et al.,
1986; Day et al., 1977; Dunlop and Özdemir, 1997;
Evans and Heller, 2003).

A highly interesting and important object for these
studies is the bottom sediments of the contemporary
lakes, which bear the records of the paleoclimatic
(Magny et al., 1993; Thouveny et al., 1994; Peck et al.,
1994; Yancheva et al., 2007) and paleomagnetic
(Turner et al., 1981; Creer et al., 1983; Thouveny et
al., 1990; Ali et al., 1999; Gogorza et al., 2000, etc.)
information. Each lake nucleates and evolves in its
particular conditions which determine the pattern of
its development (Wetzel, 2001; Tundisi and Mat�
sumura�Tundisi, 2011). The integrated effect of the
physical, chemical, and biological processes ongoing
in a lake specifies the regime of the lake. The results of
the interaction between these processes are imprinted
in the sediments. A thorough investigation about the
properties of the bottom sediments provides valuable
information for the changes in the environmental
conditions and the events that occurred in the studied

territory in the past. An important proxy for environ�
mental changes is the magnetic properties of the sedi�
ments containing different magnetic components,
e.g., paramagnetic component associated with the
grains of clay minerals, as well as allogenic and authi�
genic components, including the biogenic grains of
ferromagnetic minerals. The evolution of the environ�
mental processes can be traced by separately exploring
the variations in the properties and concentrations of
the magnetic fractions with different origin along a
sedimentary column. The possibility for this separa�
tion is offered by the analysis of the hysteresis loops of
remanent magnetization. V.V. Kochegura (1965) was
the first to note the relevance of the information con�
tained in the coercivity spectra of the initial (isother�
mal) remanent magnetization (IRM). These studies
were furthered in (Belokon’, 1973; Sholpo, 1977;
Thompson, 1986) where the dependences of the coer�
civity spectra on the grain size and composition of the
ferromagnetic fraction were investigated. Consider�
able progress in quantifying the description of the dif�
ferent phases contained in the sample was made by
Robinson and France (1994) who showed that in most
cases the IRM curve of the sample which contains a
single magnetic fraction is fairly well approximated by
the cumulative lognormal (CLG, Cumulative Log�
Gaussian) distribution.
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Based on this result, Kruiver et al. (2001) and Rob�
ertson and France (1994) suggested the method of the
statistical analysis of the IRM coercivity spectra (CS)
assuming a lognormal distribution for each compo�
nent and their linear summation in the samples con�
taining a few such components having different
parameters. With this approach, each component is
fully described by three parameters: the position of the
maximum of the spectrum Вmd, spectral width Bw and
the magnetization of a given component Mc. However,
it was later demonstrated in (Egli, 2003; Egli, 2004a;
Heslop et al., 2006) that this assumption is not valid if
there is magnetostatic interaction between the grains,
which introduces an asymmetry in the spectral shapes.
In this case, the spectral decomposition based on the
assumed lognormal distribution will produce addi�
tional spectral lines, shift the maxima, and cause other
artifacts related to the assumed model.

In order to overcome these difficulties, Egli (2003;
2004a; 2004b) suggested using different model distri�
butions of coercivity which allow for magnetostatic
interactions. In his approach, the model functions in
the form of generalized lognormal distributions are
described by a larger number of parameters. This sig�
nificantly complicates the problem of spectral decom�
position so that even the interpretation of a single
spectrum may take a long time.

Taking into account the fact that the selection of
the model components (either Gaussian or general�
ized Gaussian distributions) always sparks a debate
concerning the reasonableness of this choice, Heslop
and Dillon (2007) designed an alternative approach
for analyzing the coercivity spectra which does not
require a priori particularizing the ferrimagnetic com�
ponents. In this method, only the number of the pre�
sumed components should be specified, whereas the
shape of each individual component is directly found
through analyzing the coercivity spectra of a large col�
lection of monotypic samples, assuming that the spec�
tral shape does not change from sample to sample and
the only thing that changes is the fraction of the given
(each) component.

In 2012, Heslop and Roberts (2012) suggested a
new technique for decomposing the hysteresis loop
into a few finite terms based on the linear mixing the�
ory. In their method, the end�member compositions
do not depend on the types of the curves but instead
they are directly derived from the measurements of the
hysteresis loops. Particular attention was paid to the
shape of the end�members providing the best fit of the
expected hysteresis loop of the magnetic minerals.

For completeness, we note that the problem of sep�
arating the ferromagnetic components based on a hys�
teresis loop was also scrutinized in (Stockhausen,
1998; Kruiver et al., 2001; Kruiver and Passier, 2001;
Heslop et al., 2002; van Oorschot et al., 2002; Grygar
et al., 2003; Spassov et al., 2003; Spassov et al., 2004;
Egli, 2004b; Garming et al., 2005). Nevertheless, as
seen from the points above, this problem is still a focus

of lively debate concerning both the methods of the
analysis and the interpretation of the results. The
interest in the problem of isolating the ferromagnetic
components is also associated with the necessity to
identify the contribution of the biogenic magnetic car�
riers in the remanent magnetization of the sediments,
which is due to the unique properties of the magnetic
grains of biogenic origin (the single�domain state and
stoichiometry of grains, perfect crystal habit) (Mann
et al., 1984; Blakemore and Frankel, 1989; Bazylinski
et al., 1994; Heywood åt al., 1990).

In the present paper, by the case study of Lake
Khuvsgul’s sediments, we propose a new approach to
the component analysis of NRM curves from the mag�
netization and remagnetization data, which applies a
continuous wavelet transform with the Gaussian�
based wavelet (MHAT).

OBJECT OF STUDY

Khuvsgul is one of the most ancient lakes on the
Earth. Its age is more than 5 Ma. The lake’s basin is
located in north Mongolia (Fig. 1). The basin refers to
the western margin of the Baikal Rift Zone. Khuvsgul
is the second largest lake of Mongolia. Its area is
5300 km2, its maximal length if 136 km, and its width
is 36 km. The lake is considered to be the deepest water
reservoir in Central Asia. Its depth reaches 262 m. The
water table of the lake is located 1624 m above sea
level.

METHOD

The lake sediments were cored by the drilling com�
plex of PBU Irkutskgeologiya under the joint Rus�
sian–Mongolian project. The drill core with a length
of 53 m unfortunately has the gaps associated with the
core losses due to the different causes. The laboratory
testing of the core from the samples taken with an
average interval of ~4 cm was carried out at the paleo�
magnetic laboratory of Kazan State University. For
obtaining the spectra of IRM magnetization to 0.5 T,
we used the J�meter coercivity spectrometer (Yasonov
et al., 2998; Nurgaliev and Yasonov, 2009) capable of
separate measurements of the remanent and induced
magnetizations of the samples at room temperature.
The samples were magnetized from their natural state.
Figure 2 shows the example of IRM acquisition curve
obtained with J�meter coercivity spectrometer.

MODELING THE COERCIVITY SPECTRA

As shown in the Introduction, a scrupulous
approach to describing and identifying the CS requires
cumbersome computations, together with fitting a
great number of parameters. With this approach, the
physical sense of the problem is obscured, and the
solution of the problem is reduced to executing a for�
mal, nontransparent procedure. In the present sec�
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Fig. 1. The satellite image of Lake Khuvsgul.

tion, we suggest a simple and clear method for visual�
izing different types of the laboratory IRM based on
the simplified treatment of the Preisach–Neel dia�
gram. The advantage of this visualization method is
that it enables easy modeling of the magnetization and
remagnetization processes of the interacting single�
domain (SD) grains and assemblages of multidomain
(MD) particles, as well as their different combinations
(Belokon’, et al., 1973). For simplicity we assume that
samples are in a zero state (ZS). In this case, the IRM
curve is schematically visualized on the Preisach dia�
gram by filling the OAB area by the elementary hyster�
esis cycles along the a axis (Fig. 3). When recording
the full hysteresis loop, the sample is magnetized up to

saturation as a result of which it acquires the remanent
magnetization Jrs. After this, the sample is remagne�
tized in the backfield and, naturally, acquires the
remanent magnetization –Jrs (Fig. 2). The change in
magnetization in the full hysteresis loop corresponds
to the double sum of the elementary hysteresis cycles
within the OABC rectangle (Fig. 3).

For simplicity, we neglect the vector character of
the external field B and the interaction field Bint; i.e.,

–120
500–500

400
300

200
100

0
–100

–200
–300

–400

–100

–80

–60

–40

–20

0

20

40

60

80

100

120

0
1 10 100

50

100

150

200

250

B, @мТл

B, @ мТл

(dJ/dB) B

J, A/m2 g (a)

(b)
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Examples of separating the components of the ferromagnetic fraction in the samples of sediments from Lake Khuvsgul

Sample C11�194

Wavelet spectra for magnetization Wavelet spectra for remagnetization

W�dispersion⎯5.23% W�dispersion⎯5.10%

Coercivity spectra for magnetization Coercivity spectra for remagnetization
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Table. (Contd.)

Sample C19�94

Wavelet spectra for magnetization Wavelet spectra for remagnetization

W�dispersion⎯7.17% W�dispersion⎯3.87%

Coercivity spectra for magnetization Coercivity spectra for remagnetization
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we reduce a three�dimensional (3D) problem to a
one�dimensional (1D) one. Then, the critical fields а
and b can be cast in the following form (Belokon’ et
al., 1973):

a = Bc + Bint, b = Bc – Bint, (1)

where Bint is the projection of Bint on the easy axis (axis
of easy magnetization) of a grain, and Bc is the critical
field of remagnetization of an isolated grain (in the

absence of interaction). Since the distribution func�
tion (DF) by coercive forces g(Bc) and interaction
fields y(Hint) are independent of each other, we have
the following equality for the distribution functions

f(Bc, Bint) = g(Bc)y(Bint). On the other hand, from (1) it
follows that

Bc = (a + b)/2, Bint(a – b)/2.  (2)

Table. (Contd.)

Sample C21�150

W�dispersion⎯4.31% W�dispersion⎯3.35%

Here, the dashed lines show the CS separation into the main components of the ferromagnetic fraction; the solid black line is the sum of
the main components.
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For the modeling, we assume a lognormal distribution
by coercivity g(Bc) = (1/Bs√2π × exp{–
[ln(Bc/Bc0)]2/(2s2)} and a normal (Gaussian) distri�
bution function by the interaction fields y(Bc) =

1/(Bm√2π) × exp[– /(2 )]. Here, Bc0 is the char�
acteristic coercive force for a given population, s is the
root mean square deviation (RMSD) of log(Bc/Bc0)
from zero, and Bm is the characteristic field of the
interaction. This selection is substantiated in (Robert�
son and France, 1994; Shcherbakov et al., 1991). Then

(3)

Here, factor 1/2 appears because the Jacobian of the
conversion from Bc, Bint to a, b is 1/2.

For convenience, in this section we pass to the
dimensionless units and measure Bm, VBco0, and Bm in
the units of spontaneous saturation magnetization Ms.
We recall that Bc0 ~ 1 corresponds to the SD grains and
Bc0 ≈ 0.1–0.3, to the MD grains. The intensity of the
field of interaction between the SD grains is estimated
at 5Msp where Ms is spontaneous magnetization and p
is the volume density of the grains (Shcherbakov et al.,
1991). The characteristic value of p in the sediments is
0.01–0.01; i.e., Bm in the sediments is at most 0.1,
which allows us to consider the interaction as weak.
However, if the sediment contains biogenic magnetite,
the local concentration of the grains can be as high as
dozens of percent because the particles are connected
into clusters and chains, and in this case the interac�
tion is strong, Bm ~ 1. Since in the practical application
of our method of magnetic component discrimination
we will mainly deal with this case, in the further mod�
eling we will mainly consider the case of a strong inter�
action.

The examples of the Preisach diagrams calculated
by formula (3) are presented in Fig. 4. We note that the
diagrams in this figure are located in the upper quad�
rant in contrast to the traditional scheme where these
diagrams are located in the fourth quadrant (Fig. 3).

The shape of the distribution of the density of the
elementary hysteresis cycles suggests that this example
can be interpreted in terms of a system of the MD
grains (Fig. 4a) and strongly interacting SD grains
(Fig. 4b). Correspondingly, Fig. 5 illustrates the case
when in a sample there is a mixture of strongly inter�
acting SD and MD grains.

The magnetization and remagnetization can easily
be calculated if the density of the elementary cycles

2
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f(a,b) (Belokon’ et al., 1973) is known. For the magne�
tization curve we have

(4)

Here, J is the remanent magnetization of the sample;
and the upper index determines the measurement
mode (magnetization or remagnetization). The
remagnetization curve is

(5)

Differentiation of (1) and (2) gives the following for�
mulas for the coercivity spectra:

(6)

(7)

When writing out formula (4), we reversed the sign as
is commonly done, since any CS is by definition non�
negative. For unifying and comparing the different
CSs obtained by formulas (6) and (7), hereinafter we
assume them to be normalized by J+(∞) and J–(∞),
respectively.

Figure 5 shows the example of CSA calculated by
formulas (6) for the three cases illustrated in Fig. 4.
Here, in accordance with the assumed conventions
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Fig. 3. The schematic of the Preisach diagram. The curved
lines schematically show the lines of equal density in the
distribution of elementary cycles.
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and for easy comparison with the experiment, we

passed to the logarithmic derivatives  and

 Correspondingly, the field along the abscissa

axis in this and subsequent figures is also plotted on the
log scale. The advantages of this representation of the
CS plots were noted in the Introduction.
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Fig. 4. The density distribution on the Preisach diagram for
(a) Bc0 = 0.2, s = 0.2, Bm = 0.2; (b) Bc0 = 1, s = 0.5, Bm =
1; (c) combination of these distributions taken in equal
fractions.
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Fig. 5. The coercivity spectra obtained from the isothermal
curves of magnetization (the solid line) and remagnetiza�
tion (the dashed line) for the parameters of DF indicated
in Fig. 4: (a) с 0.1; (b) с = 0.5. Here, с is the relative con�
tribution of the population of the SD grains in the total
remanent magnetization. Correspondingly, the contribu�
tion of the MD grains is 1�с.
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As seen from Fig. 5, if a sample contains a mixture
of the MD and strongly interacting SD grains, these
components are easily separated on visual examina�
tion if each component introduces at least a 10% con�
tribution to the total value of J. Application of the
numerical algorithm for separating the CS compo�
nents and identifying these parameters significantly
increases the sensitivity of the suggested method, as
demonstrated below.

The experiments show that the coercivity spectrum
inferred from the IRM curve is always to a certain
extent harder than the spectra for the remagnetization
curve (Fig. 2b). The calculations by formulas (6) and
(7) support this result (Fig. 6). Besides, let us also con�
sider the fact that the maxima in CS are shifted to the
right with the increase in the strength of the interac�
tion. This readily follows from the comparison
between Figs. 6a and 6b. Indeed, in the absence of
interaction, the maximum in the CS is reached at Bc =
Bc0. Then at Bc0 = 0.5 the peak should be reached at
log(0.5) = –0.7, which we see in Fig. 6b where the
interaction is very weak. However, in Fig. 6b (in a
strong interaction) the CS reaches its maximum at –
0.2 to –0.3; i.e., the spectrum becomes visibly harder
compared to the real coercivity of the isolated grains.
Physically, this is explained by the fact that at the ini�
tial ZS the magnetization occurs through the rotation
of the magnetic moments of the grains on which the
field of interaction Bint is opposite to the magnetizing
field B so that in order to remagnetize the moment of
a given particle B should be higher than Bc by Bint.

As seen from this figure, the degree of distinction of
the coercivity spectra calculated from the initial IRM
curve and from the remagnetization curve is propor�
tional to the width of the Preisach diagram along its
diagonal, i.e., proportional to the intensity of magne�
tostatic interaction Bm. In other words, the degree of
this distinction can serve as a criterion of the presence
of a significant magnetostatic interaction between the
grains. The noticeable difference in the spectra can
also be associated with the presence of the MD grains,
since in this case the density on the Preisach diagram
is close to constant within the entire OBCD square
(Belokon’ et al., 1973). We note that these two cases
can be discriminated by the value of the characteristic
coercive force Bc0. Indeed, for the MD grains we may
well expect Bc0/Ms � 1, whereas for the SD grains this
ratio should be ~1.

THE CHOICE OF THE BASIS FUNCTION 
ACCORDING TO THE COERCIVITY SPECTRA 
OF THE SAMPLES CONTAINING SEINGEL�

DOMAIN STRONGLY MAGNETIC FRACTIONS

As a working hypothesis in the analysis of coercivity
spectra it is typically assumed that the logarithmic
derivatives of these spectra are lognormal (Robertson,
France, 1994; Kruiver et al., 2001). In this case, if the
external field is taken on the logarithmic scale, the sig�

nal can be considered as a superposition of the Gauss�
ian curves. In this model, for the sample containing a
single magnetic component, disregarding the inter�
grain magnetostatic interaction, the quantity

 (8)

on the logarithmic scale should have a shape of a sym�
metric Gaussian contour.
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Fig. 6. The coercivity spectra obtained from the curves of
isothermal magnetization (the blue line) and remagnetiza�
tion (the red line) for the parameters of DF (a) Bc0 = 0.5,
s = 0.5, Bm = 0.5; (b) Bc0 = 0.5, s = 0.5, Bm = 0.02.
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As seen from formula (3) and Figs. 5 and 6, the
presence of the magnetostatic interaction between
grains even in the one�component case leads to the
violation of the Gaussian form (on the logarithmic
scale) of the spectrum and introduces an asymmetry,
as was previously noted in (Egli, 2003, 2004; Heslop et
al., 2006). In fact, this indicates that the opted model
class of lognormal functions is inadequate in the case
of significant magnetostatic interaction between
grains.

However, the asymmetry in the derivatives of the
coercivity curves noticeably diminishes if we pass from
the logarithmic to the power�law scale with the
numerically fitted value of the power exponent; i.e., if
we change the variables. The power�law scale is pref�
erable because the derivative used in this case

(9)

expands the model class of the lognormal functions.
Let us demonstrate this. In the limit  in (9), we
obtain the derivative on the linear scale, and at 
in (8), on the logarithmic scale. Indeed, at small α we

have  =  ≈  which proves this
statement. Hence, parameter α reflects the averaged
impact of the forces of the static interaction between
the magnetic grains. Clearly, for diminishing the
asymmetry of the CS curves, index α was selected in
such a way the the modulus of the coefficient of asym�
metry was

(10)

When processing the data for the coercivity spectra
of the studied collection, we used a set of ad hoc sam�
ples. It was found that the optimal values of the power
index α calculated in the way described are quite stable
and lie within 0.2–0.27.

THE PROCEDURE FOR DECOMPOSING
THE COERCIVITY CURVES 

INTO GAUSSIAN COMPONENTS

The coercivity curves of the magnetization and
remagnetization of the samples were averaged by the
Chebyshev polynomials of the first kind. The Cheby�
shev polynomial averaging of the coercivity curves
enabled a stable numerical differentiation of the signal
on the power�law or logarithmic scale.

In the ideal case, the derivative (9) of the coercivity
curve on the corresponding (power�law or logarith�
mic) scale for multi�component samples is repre�
sented by the sum of the Gaussian functions with three
unknown parameters: the position of the maximum,
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the width of the contour, and the amplitude of magne�
tization of the component:

(11)

The problem of finding the unknown parameters
{n, An, mn, σn} in (11) from the measured coercivity
spectrum is nonlinear and ill�posed. For solving this
problem, we suggest a method based on using a con�
tinuous wavelet transform with a “natural” basis (Ute�
mov and Nurgaliev, 2005). The idea of this approach is
that the problem of determining the parameters {n, An,
mn, σn} can be treated as an inverse problem of finding
the parameters of the sources of the Gaussian field by
analogy with the inverse problems for potential fields
(gravity and magnetic) and their sources. The studied
signals are the superposition of the Gaussian functions
(11); therefore, the most suitable basis functions for
the continuous wavelet transform are clearly those
belonging to the family of the derivatives of the same
Gaussian function,

(12)

since in this case the peculiarities in the shape of the
basis function least affect the wavelet spectrum
(Astaf’eva, 1996). The optimal choice for family (11)
is provided by the second�order wavelet

(13)

because with this wavelet the parameters of a single
Gaussian source can be determined in the simplest
way. Indeed, with the basis wavelet (13) and normaliz�
ing coefficient a–1.5, the continuous wavelet transform
of the Gaussian function with parameters {A0, m0, σ0}
has the following form:

(14)

This formula is most easily derived with the use of the
Fourier transform and convolution theorem. The cen�
tral maximum {a*, b*} of this function is reached at the
point with the coordinates

(15)

and has the value

(16)

i.e., the position and amplitude of the maximum in the
wavelet spectrum of the Gaussian field exactly and
uniquely determines the position and amplitude of the
causative Gaussian source.
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Fig. 7. The example of determining the parameters of the Gaussian sources. (a) The graphs of the given (original) Gaussian field
(the thin solid line) and the reconstructed Gaussian field (the heavy dashed line). (b) The centers of the filled circles show the
positions of the original sources; the centers of the open circles (rings) mark the positions of the reconstructed Gaussian sources.
The background images the wavelet spectra of the original Gaussian field. The sizes of the circles and rings are proportional to the
amplitudes of the Gaussian components.

If we deal with interference of the fields from sev�
eral causative Gaussian sources, formulas (14)–(16)
are inapplicable because the extrema of the wavelet
spectrum in this case no longer pinpoint the exact
location of the sources. A special algorithm has been
developed for these situations. To explain this algo�
rithm, we consider the simplest case of interference of
two fields from two causative sources. If the parame�
ters of one source are known, then, since the wavelet
transform is linear, after subtracting the wavelet spec�
trum of this source calculated by formula (10) from the
total spectrum, the residual values of the wavelet coef�
ficients will describe the spectrum of the second
source. Even if we do not know the exact position of
the source, the approximate allowance for its parame�
ters will refine the parameters of the second source. By
repeating this procedure, we approach the exact solu�
tion step�by�step. This principle is also valid for the
case of a large number of causative sources. The exam�
ple in Fig. 7 illustrates the results of reconstructing the
parameters of the three given Gaussian sources. As
seen from this figure, the parameters are reconstructed
quite accurately.

The results of determining the source parameters in
a more complex case are shown in Fig. 8. Here, the CS

is formed by the MD and SD components with the
parameters Bc0 = 0.2, s = 0.2, Bm = 0.2 (MD compo�
nent) and Bc0 = 1, s = 1, Bm = 1 (SD component). The
comparison of these parameters with the source
parameters obtained by the wavelet method shows that
the spectrum becomes visibly harder compared to the
actual coercivity of the isolated grains. We note that
the parameters of the model are linked with the wave�
let�based data through the formulas Bc0 (shift), s = exp
(scale).

RESULTS AND DISCUSSION

The obtained coercivity spectra of the samples
from the sediments of Lake Khuvsgul have a shape
characteristic of lacustrine sediments but significantly
differ from each other (Fig, 9).

For identifying the components of the ferromag�
netic fraction, we carried out the component analysis
based on the IRM spectra. The examples of the CS
decomposition into components are presented in the
table. The parameter W�dispersion shown in Figs. 9a
and 9b reflects the degree of closeness of the CS calcu�
lated from the obtained sources to the coercivity spec�
trum measured in the experiment. Quantitatively, this
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parameter is a root mean square deviation of the
model spectrum from the observed one.

Based on the laboratory studies, Egli (2003) identi�
fied a set of the ferrimagnetic components:

(1) EX, extracellular magnetite. This is ultrafine
(superparamagnetic) magnetite, a product of
iron?metabolising?bacteria. Extracellular magnetite is
characteristic of marine and lacustrine sediments, as
well as limestones, loesses, paleosoils, and red rocks.

(2) D, detrital magnetite. This component has
rather uniform magnetic properties which only
depend on the lithology of the drainage basin.

We note that in most cases, the D and EX compo�
nents overlap in coercivity; therefore, in his works Egli
considers them as the total, joining these components
into a single D + EX component. The position of the
maximum of the coercivity spectrum (PMCS) of this
component falls in the interval 0–30 mT. The rela�
tively low hardness of the D and EX components is
either due to their high liability to thermal fluctuations
(EX) or their pseudo� or multidomain state.

(3) ES, biogenic soft. This relatively magnetically
soft component is largely represented by single�
domain grains of biogenic magnetic minerals (rem�
nants of magnetotactic bacteria). The exact limits of
this component are not reported, approximately indi�
cated as about 40–50 mT, on average 45 mT.

(4) BH, biogenic high. This is a highly coercive bio�
genic component predominantly including single�

3

3

3 3

domain grains of magnetic minerals, also biogenic.
The exact limits are also not presented, approximately
outlined at about 60–90 mT, and on average 73 mT.

According to (Egli, 2003), the PMCS of the bacte�
rial components lie in the interval 30–80 mT, depend�
ing on the morphology of the magnetosomes (cubic,
prismatic, prolate, or bullet�shaped) and the pattern
of their occurrence in cells (isolated, in chains, in
clusters, in bundles of chains). Bacterial greigite (BH
component) as a rule has PMCS within 75–80 mT
(Egli, 2004).

(5) H, high. This component is determined by the
presence of highly coercive minerals, e.g., hematite. It
is composed of probably allogenic grains, introduced
into the sedimentation basin by water flows or by wind.

We have processed the curves of isothermal rema�
nent magnetization and remagnetization for 1056
samples. About 4000 components were identified in
these samples. Based on the peaks in the distribution
histograms of these components by PMCS (Fig. 10),
at least four groups of these components are distin�
guished.

The first group is clearly detected in the samples of
lake sediments by the spectra of isothermal magneti�
zation (Fig. 10a) in the fields of about 5–30 mT. This
component fairly well agrees with the data of (Egli,
2003); therefore, following Egli, we also classify this
component as D + EX.
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Another distinct component is that with PMCS in
the magnetization spectra in the interval of ~30–
50 mT. In our opinion, this component corresponds to
the BS component in the nomenclature of (Egli,
2003).

Next, yet another two peaks are observed in the
interval ~50–100 mT. These peaks can probably be
identified with the BH component according to (Egli,
2003).

The magnetically hardest component, H, with
PMCS at 100 mT and higher is represented by highly
coercive grains (hematite, hydroxyls, oxidized magne�
tite grains, etc.).

The histograms show that the PMCS distributions
for the magnetization spectra (Fig. 10a) and remagne�
tization spectra (Fig. 10b) significantly differ, with the
strongest distinctions in the H region. Generally, this
difference consists in the increased contribution of the
magnetically softer components to the CS obtained
from the remagnetization curve. This behavior of the
histograms reasonably agrees with the conclusions of
the previous sections that the CS determined from the
isothermal remanent magnetization curve is always
magnetically harder than the one derived from the
remagnetization curve. In turn, the difference between
these CSs indicates a significant presence of MD
grains in the sample in the cases when the soft D + EX
component is detected. If this component is absent,
the difference of the spectra definitely testifies to the
presence of strongly interacting SD grains in the sam�
ple, which in the case of sedimentary rocks suggests
their biogenic origin.3

If we only consider the main ferrimagnetic compo�
nents of the samples, e.g., by removing all the compo�
nents which contribute less than 10% to the total
remanent magnetization of the samples (Fig. 11), all
the peaks described above become more distinct. The
BH component (according to (Egli, 2003)) is observed
in the interval ~60–85 mT. At the same time, the inter�
val of ~50–65 mT still remains obscure perhaps due to
the variability in the grain sizes and shapes of the BS
and BH components and the character of the cluster�
ing of the grains.

Some of these components are easily identified
with the components detected from the spectra of the
remagnetization curves (Figs. 10b and 11b). This can
be readily done in the cases when these components
make up a considerable fraction of the sample’s mag�
netization (Figs. 11a and 11b). However, if we consider
all the components including those which contribute
less than 10% of the total magnetization of the sample,
they are barely identifiable (Fig. 10). The situation is
much simpler if we only consider the most significant
magnetic components. Here, it is possible to clearly
estimate the model values of the PMCS for these com�
ponents (Fig. 11).

—The D + EX component has the modal PMCS
values in the magnetization and remagnetization spec�
tra at ~15–20 and 5–10 mT, respectively. The number
of these components in the remagnetization spectra is
almost half their number in the spectra of magnetiza�
tion, which again illustrates the difficulty of identify�
ing the components. Part of the components disap�
pears; these components are probably present in the
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Fig. 9. (a) The coercivity spectra for the magnetization of the samples of the Khuvsgul lake sediments (ñ2�118, ñ6�180, ñ7�126,
ñ18k�34, ñ29�206, c31k�106, c32�275); (b) the histogram of PMCS at remagnetization.
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remagnetization spectra in the form of components
having lower magnetization.

—The BS component with the modal PMCS val�
ues in the spectra of magnetization and remagnetiza�
tion in the intervals of ~40–45 and ~20–25 mT,
respectively, is distinctly identified. This component is

indicative of the significant interaction fields in this
grain assemblage.

—The BH component has very close modal
PMCS values in the magnetization and remagnetiza�
tion spectra, falling in the interval of ~70–75 mT.
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—The magnetically hardest H component in all
cases accounts for less than 10% of the total magneti�
zation of the samples and is absent in the presented
histograms.

We attempted to explore the mineralogical features
(Nourgaliev et al., 2005) of the BS and BH compo�
nents. In order to do this, we conducted thermomag�
netic analysis of some samples and collected 18 sam�
ples of lake sediments uniformly spaced across the col�
umn. Using the Curie express�balance (Burov et al.,
1986), we measured the temperature dependence of
induced magnetization at a heating rate of 10°C per
minute up to 700°C. For estimating the contributions
from the components with different magnetic hard�
nesses, the curves were measured at two intensities of
the magnetic field (0.05 and 0.2 T). The curves of the
first and second heating enabled us to estimate the
mineralogical transformations in a sample. The sec�
ond curve was measured on the same sample after its
cooling to room temperature. The thermomagnetic
data were compared with the results of the decompo�
sition of the coercivity spectra. Based on this analysis,
all the samples were classified into two main groups.

Group 1. The magnetization of the sample is dom�
inated by the contribution of the BS component. This
group comprises four samples. The example in Fig. 12
shows the comparison of the TMA data and the
decomposition of the coercivity spectra for sample
c10�36. In fact, there is only one magnetic component
in this sample. The thermomagnetic curve also shows
the presence of a single magnetic phase (magnetite).
Significant mineral transformations do not occur dur�
ing the first heating (the magnetization of the sample
after the first heating remains unchanged) except for
the fact that the grains after the first heating become
magnetically harder. This follows from a certain differ�
ence between the curves of the first and second heating
obtained in a lower field (0.05 T) (Fig. 12a). The ther�
momagnetic curves in the stronger field almost coin�
cide (Fig. 12b). Perhaps we are dealing here with
highly pure magnetite, not oxidized, and almost with�
out signs of maghemite.

Group 2 incorporates all the remaining samples.
The examples of two extreme cases from this group are
illustrated in Figs. 13 and 14. Several components are
revealed in all samples according to the results of the
decomposition of the coercivity spectra. Among these,
the BS and BH components are reliably identified, BS
being predominant in all cases. In sample c24�6
(Fig. 13) the percentage of the BH component is
somewhat higher than in sample c11�11� (Fig. 14).
The thermomagnetic curves of these samples drasti�
cally differ from the curves obtained for the samples
only containing the BS component (Fig. 12). Firstly,
during the first heating the magnetization grows due to
the magnetite formation resulting from the dissocia�
tion of iron sulfide. This is indicated by the peak in the
differential TMA curve in the area of 450–500°C
(Burov et al., 1986). The increase in magnetization

2

2

2

2

2

after the first heating in sample c11�110 is significantly
higher than in sample c24�6; however, the peak in the
interval of 450–500°C in this sample is less distinct.
Perhaps this is due to the fact that magnetite formed in
sample c11�110 has a very small size and the blocking
temperature of the grains is far below 450°C. In sam�
ple c24�6, iron sulfide is likely to have larger grains.
Among the detected iron sulfides there could also be
greigite, as suggested by the presence of a small peak
between 250 and 300°C in the thermomagnetic
curves, characteristic of the thermomagnetic behavior
of this mineral (Burov et al., 1986).

Now a few words about some effects revealed in the
presented thermomagnetic curves.

—The peak detected in the differential TMA
curves in the interval of 150–200°C (Figs. 12, 13, and
14) is due to the change in the magnetic hardness of
the oxidized magnetite (BNurov et al., 1986).

—The differential TMA curves of the second heat�
ing for the samples containing sulfides fix the magnetic
phase above 600°C; this is greigite. Considering the
fact that it was produced through the oxidation of
magnetite resulting from iron sulfide, the formation of
a significant amount of very fine grained magnetite
which has been immediately oxidized to hematite is
probable.

DISCUSSION

Unfortunately, we have not been able yet to take the
electron microscopy images of the magnetic separates
from the studied samples. However, even now it can be
stated that the revealed BS and BH components are
highly probably biogenic. This is suggested by the
PMCS distributions containing a few distinct compo�
nents which are stably tracked throughout the studied
history of the basin. It is barely conceivable that an
occasional process of weathering and sedimentation
could produce the observed assemblages of the mag�
netic grains whose properties would have been pre�
served throughout a few hundred thousand years
against significantly varying ambient conditions
(Fedotov et al., 2004). Among these components there
are two which are very similar to those identified by
Egli (2004). Therefore, by analogy, we termed these
components BS and BH. The weak average field of
intergrain interaction is characteristic of these compo�
nents, as follows from the rather small shift between
the PMCS of the magnetization and remagnetization
spectra. This also testifies to the single domain grain
assemblage and its biogenic origin.

Thus, with the suggested methods it is possible to
obtain the express data about the remains of magneto�
tactic bacteria in sediments. Moreover, this approach
even enables the separation of these components with�
out their segregation and direct observations. In fact,
this is a new method for paleontology studies. The first
question arising on this is how the BS and BH compo�
nents differ. There can be a variety of sources of their
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difference, including the shapes and sizes of the grains
and mineralogy. All these parameters clearly have a
paleontological value. In our case, we attempted to
find out whether the difference between the BS and
BH components is due to their mineral composition.
The obtained thermomagnetic data evidently show
that the BS component is represented by the assem�
blage of magnetite grains. The arguments proving this
fact are shown in Fig. 13. Moreover, it can be stated
quite positively that magnetite in these samples does
not contain maghemite and is sufficiently pure. This

2

also follows from the fact that the thermomagnetic
effect in the interval 150–200°C, which is typically
associated with magnetite from the hypergenesis zone,
is very weak. We note that these samples do not contain
other strong magnetic minerals (e.g., sulfides). How�
ever, as soon as the signs of the BH component appear
in the decompositions of the coercivity spectra, the
thermomagnetic curves immediately come to have the
signs of the presence of iron sulfides in the samples.
One of the sulfides is greigite whose presence is
detected by the thermomagnetic effect in the interval
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Fig. 12. The example of comparing the TMA data with the decomposition of coercivity spectra. Sample c10�36. Top line: the
TMA diagrams; the black line shows the first heating; the gray line shows the second heating. The top and the bottom parts of the
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250–300°C. Thus, we may attribute the difference
between the BS and BH components to the mineral�
ogical factors. It is also worth noting that we have not
yet found the samples which would only contain the
BH component alone. This component always cooc�
curs with the BS one. This fact is very interesting. It
can be associated with either the redeposition of the
grains composing the BS component, or the probable
simultaneous generation of the both components. The
second hypothesis appears fascinating. In our opinion,
there could be two boundaries within the water layer

where magnetotactic bacteria may dwell. In this case,
the changes in the ratio between the abundances of
different types of magnetotactic bacteria result from
the changes in the water balance in the basin due to the
climatic and tectonic impacts. Thus, the remanent
magnetization and hysteresis parameters acquire a
new quantitative paleoecological sense: they provide
the basis for estimating the amount of the remains of
different types of magnetotactic bacteria per unit sed�
iment volume, as well as their mineralogical and mor�
phological characteristics. This express information
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about the presence of different types of magnetotactic
bacteria and their ratio in the sediments open up new
fields of use of rock magnetism for obtaining paleore�
constructions of the environment and paleoclimate
based on the data on lake sediments.

CONCLUSIONS

The wavelet decomposition of the coercivity spec�
tra into Gaussian components is a suitable instrument
for identifying the magnetic assemblages of different
origin in the sediments of contemporary lakes. The

express character of deriving these data (measurement
of the curves with the use of the coercive spectrometer
and decomposition of the coercivity spectra) enables
us to process the extensive collections of samples. This
offers new possibilities for applying the methods of
rock magnetism in the paleoecological and paleocli�
matic studies.

Based on the coercivity spectra of the samples from
Lake Khuvsgul, several magnetic components are
revealed, among which there are two biogenic compo�
nents with different magnetic hardness, identified by a
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Fig. 14. The example of comparing the TMA data with the decomposition of coercivity spectra. Sample c11�110. Top line: the
TMA diagrams; the black line shows the first heating; the gray line shows the second heating. The top and the bottom parts of the
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number of signs. Based on the data of the thermomag�
netic analysis it is established that the soft component
is represented by magnetite grains and the hard com�
ponent, by greigite. These data can be used for recon�
structing the changes in the environment and climate
variations from lake sediments.
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