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Abstract Acquisition curves of isothermal remanent magnetization for 1057 samples of core KDP-01
from Lake Hovsgul (Mongolia) are decomposed into three end-members using non-negative matrix
factorization. The obtained mixing coefficients also decompose hysteresis loops, back-field, and strong-field
thermomagnetic curves into their related end-member components. This proves that the end-members
represent different mineralogical fractions of the Lake Hovsgul sedimentary environment. The method used
for unmixing offers a new possibility to apply rock magnetism in paleoecological and paleoclimatic studies.
For Lake Hovsgul, it indicates that a low-coercivity component with a covarying paramagnetic phase
represents a coarse-grained magnetite fraction from terrigenous influx probably via fluvial transport. A
second component with coercivities close to 50 mT is identified as a magnetite fraction related to
magnetosomes of magnetotactic bacteria. The third component has coercivities near 85 mT and is
identified as greigite of biotic or abiotic origin common in suboxic/anoxic sediments. Significant positive
correlations between variations of intensity of all three mineralogical components along the core are found.
A rapid drop in all end-member concentrations by more than one order of magnitude at about 20 m depth
testifies to a major change of the environmental or geological conditions of Lake Hovsgul. It possibly is
related to the onset of MIS 10 marking the termination of arid climate conditions. Short intervals of high
productivity are characterized by an abundance of magnetite magnetosomes and may highlight
glacial-interglacial transition intervals. For the rest of the core, greigite magnetization substantially exceeds
that of magnetite, indicating a predominantly anoxic environment.

1. Introduction

Geological sediments typically contain a complex mixture of magnetic minerals of different origin. Quantita-
tive analysis of the components provides valuable information for reconstructing transport processes, pro-
ductivity, and environmental conditions at the time of deposition [Evans and Heller, 2003]. Well-preserved
magnetic minerals in lacustrine sediments can provide paleomagnetic records [Mackereth, 1971; Creer et al.,
1972; Thompson, 1973], and contribute to climatic reconstructions [Thouveny et al., 1994]. Integrated effects
of physical, chemical, and biological processes ongoing in a lake specify the regime of sedimentation and
accordingly the magnetic mineral assemblage within the sediments. Magnetic properties of bottom sedi-
ments thus provide proxies for environmental changes and in many cases directly reflect bottom water con-
ditions, for example, through abundance and type of bacterial magnetosomes and their conservation
[Snowball, 1994; Snowball et al., 2002]. Environmental processes can be traced by variations in concentra-
tions and properties of the magnetic fractions within a sedimentary column.

The possibility to use artificial isothermal magnetization processes to characterize magnetic mineral mix-
tures was first suggested by Kochegura [1965] who noted the relevance of information contained in the
coercivity spectra dMrðBÞ=dB of the isothermal remanent magnetization MrðBÞ where B is the external field.
This approach was developed further by Belokon et al. [1973] and Thompson [1986]. Considerable progress
in quantifying the different phases contained in a sample was made by Robertson and France [1994] and
Kruiver et al. [2001]. They statistically decomposed the IRM coercivity spectra (CS) into a sum of log-normal
distributions whereby each component is fully described by three parameters: the position of the maximum
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of the spectrum, spectral width, and the magnetization of a given component. Egli [2003, 2004a, 2004b]
modified this model to account for magnetostatic interactions by replacing the log-normal distributions
with generalized log-normal distributions that are described by a larger number of parameters.

The next step toward an unconstrained decomposition was taken by Heslop and Dillon [2007] and Heslop
and Roberts [2012] who applied non-negative matrix factorization (NMF) [Lee and Seung, 2001] to the
decomposition of the coercivity spectra into a prescribed number of end-members. This method does not
require a priori knowledge about the distribution functions characterizing specific ferrimagnetic compo-
nents. Instead, the shapes of the individual components are intrinsically determined by the NMF, which
inverts the coercivity spectra of a large collection of samples, assuming that the spectral shape of each sam-
ple is a non-negatively weighted sum of these component shapes.

In the present paper, we extend the NMF decomposition method of Heslop and Dillon [2007] by a tool to
attribute the coercivity spectra of the recovered end-members to mineralogical components. For this, we
decompose hysteresis loops, backfield curves, and high-field thermomagnetic curves by least square fitting
using the weight coefficients of the end-member decomposition. Thereby it is possible to reconstruct hys-
teresis loops, backfield curves, and high-field thermomagnetic curves of the IRM end-members which there-
by can be interpreted in terms of mineralogical fractions. This interpretation provides new information and
insight into paleoclimatic and paleogeographic conditions of Lake Hovsgul during the last million years.

2. Setting, Samples, and Methods

2.1. Lake Hovsgul Core KPD-01
Sediment thickness and paleomagnetic record of the upper �50 m yield an estimated age of more than 5
Ma for Lake Hovsgul (also transliterated as Khubsugul or Khovsgol) [Fedotov et al., 2004a; Prokopenko et al.,
2009]. This makes it one of the most ancient lakes on Earth.

Its area is 2760 km2, whereby its maximal length is 136 km, and its maximal width is 36 km. Due to its large
depth of 262 m, Lake Hovsgul is the largest lake of Mongolia by volume, and is considered to be the deep-
est water reservoir in Central Asia. The water table of the lake is located 1645 m above sea level and its
drainage basin is located in North Mongolia (Figure 1a). The basin is a part of the western margin of the Bai-
kal Rift Zone. Orographically, Lake Hovsgol is surrounded by mountains, a large northern promontory of
Mongolia. Although more than 96 streams drain into Lake Hovsgol, its catchment area is relatively small
[Dulma, 1979]. The source of the Yihe Horo-Gol river, which provides the largest water influx, is a glacier. In
the southern part of the lake (Hatgalsky Bay) lies its only outflow into river Eg (Egiyn Gol), which is the larg-
est tributary of the Selenga river [Dulma, 1979]. The mountainous character causes a predominance of ero-
sion over accumulative processes in the catchment [Rogozin, 1994]. As a consequence, there is a
continuous transport of eroded material from the catchment into Lake Hovsgul. At present, Lake Hovsgul is
an ultra-oligotrophic, oxygen-rich lake with low primary biological productivity [Dulma, 1979].

The Limnological Institute at the Siberian Branch of the Russian Academy of Sciences (SB RAS) as a part of
the Russian-Mongolian joint Khubsugul Drilling Project (KDP) drilled core KDP-01 in the winter 2002–2003
using a push-coring device (AR ‘‘Irkutskgeologiya’’) [Prokopenko et al., 2009]. The coring site is located in the
center of the lake, at 50� 580 2400N, 100� 240 3300E in a water depth of 239.3 m. The drill hole reached a
maximum depth of 53 m, from which sediment cores with a total length of 48 m were recovered. Coring
gaps are due to the applied drilling technology.

In addition, two gravity cores X104 and X106 with lengths of 140 cm (water depth; 238 m) and 130 cm
(water depth; 236 m), respectively, were collected at 50� 560 0700 N, 100� 260 5600 E and 50� 530 0100 N,
100� 210 2200 E. They were sampled in August 2001.

2.2. Magnetic Measurements
The recovered lake sediments were sampled in 4 cm intervals for paleomagnetic and geochemical studies
by KDP members. The magnetostratigraphic record of natural magnetic remanence (NRM) reaches the
Brunhes/Matuyama boundary at about 4070 cm and the upper Jaramillo boundary at about 5200 cm [Fedo-
tov et al., 2004b]. Another set of 1057 samples was forwarded from KDP to the paleomagnetic laboratory at
the Kazan Federal University for magnetic-mineralogical investigations [Nourgaliev et al., 2005].
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Rock magnetic measurements, including IRM acquisition curves up to 0.5 T, were performed on 1057 sam-
ples using a coercivity spectrometer at the paleomagnetic laboratory of Kazan Federal University [Iassonov
et al., 1998; Nourgaliev et al., 2005]. This instrument synchronously measures remanent and induced magne-
tization of a sample at room temperature in field steps of less than 0.5 mT up to 500 mT.

Figures 1b–1d show examples of IRM acquisition, backfield and magnetic hysteresis curves as well as six CS
of different shape of samples from the collection.

Using a Curie express balance [Burov et al., 1986], the temperature dependence of induced magnetization
was measured in air at a heating rate of 1008C/min up to 7008C. For estimating the contributions from com-
ponents with different magnetic hardness, the curves were measured at two intensities of the magnetic
field (0.05 and 0.2 T) and each of these measurements was performed on different subsamples. Two consec-
utive heating curves are used to detect and quantify mineralogical transformations in a sample. The second
curve was measured on the same sample after its cooling to room temperature. Thermomagnetic curves
have been measured for 12 out of the 1057 samples. The results are discussed in section 3.2.

A preliminary assessment of the paleoenvironmental information recorded in the magnetic signal of sedi-
ments, can be provided by the observation of variations in the intensity of SIRM along the core. Figure 2a
shows elevated SIRM intensities at core levels below 20 m. To link this SIRM signal to possible changes in
the magnetic mineralogy of the core, the Day plot [Day et al., 1977] for all samples was constructed (Figure
2b). The points of this plot form two clusters (yellow and blue in Figure 2b) that were visually separated by
the approximate line: Mrs=Ms 5 0:781

ðHcr=HcÞ1:338 : A common interpretation of Day plots would assign these two

clusters to grain-size mixing lines of magnetic minerals with different magnetic hardness or coercivity,
whereby the yellow cluster with higher Mrs=Ms at equal Hcr=Hc represents the magnetically harder phase.
By plotting Mrs=Ms against core depth, and color coding the two groups in Figure 2c, a clear separation of
their occurrence is revealed. The magnetically harder fraction (yellow) mainly reflects core depths between
20 and 35 m and below 50 m, while the magnetically soft fraction (blue) dominates the upper part of the
core above 20 m. Also between 35 and 50 m the soft fraction is more abundant, but intermittent layers of
high coercivity (yellow) are more frequent than in the upper part. To obtain a more objective and physical

Figure 1. (a) Geographic location of Lake Hovsgul and position of core KPD-01. (b) Example of IRM acquisition and backfield curves up to 200 mT at 1593 cm in KPD-01; (c) correspond-
ing hysteresis curves up to 200 mT at 1593 cm in KPD-01; (d) six examples of IRM coercivity spectra for samples from a narrow depth interval around 4000 cm. The spectrum of a mea-
sured IRM acquisition curve at field B was obtained by robustly fitting a parabola to the measurement data in the interval ðB25 mT; B15 mTÞ and calculating its derivative at B. The
coercivity spectrum thus corresponds to a smoothed derivative of the IRM acquisition curve between 0 and 200 mT in steps of 1 mT.
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interpretation of these variations, in the next section the visual clustering is augmented by end-member
modeling.

2.3. Unmixing and End-Member Analysis
The NMF end-member modeling approach by Heslop and Dillon [2007] assumes that for each of the
K 5 1057 samples the coercivity spectrum (derivative of IRM curve) Dk ðk51; . . . ; KÞ is considered to be a
vector Dk5ðdk;f Þ ðf 51; . . . ; FÞ with F components corresponding to fixed field values. For example, if the
field is measured in 1 mT steps up to 200 mT (F 5 200), d77;50 is the coercivity spectrum of sample k 5 77 at,
f 5 50 mT. Each of the N end-members Ej5ðej;1 . . . ; ej;FÞ is also a vector with F components and can be inter-
preted as the derivative of the corresponding IRM curve. For a physically meaningful end-member, it is
essential that all components ej;f are non-negative and that each data set Dk can be well approximated by a
linear combination

D�k5wk;1E11 � � �1wk;NEN (1)

with non-negative coefficients (weights) wk;1; . . . ;wk;N . The requirement of non-negative weights wk;j � 0
ensures that the linear combination describes a physical mixture of different physically meaningful compo-
nents. A negative weight wk;j would mean that component j is not present in sample k, but removed from
its mixture, while a negative ej;f corresponds to a decrease of the IRM curve of end-member j at field step f
which is also not realistic for natural samples. Non-negative matrix factorization (NMF) techniques, such at
that of Lee and Seung [2001] exactly strive to achieve such a decomposition in an optimal way by

Figure 2. (a) Logarithmic plot of Mrs 5 SIRM (at 500 mT) for Lake Hovsgul core KPD-01. Light gray depth intervals indicate sampling gaps. (b) Day plot of hysteresis data for Lake Hovsgul
core KPD-01. Points E1–E3 are explained in the results section. (c) Plot of Mrs=Ms for Lake Hovsgul core KPD-01. Extremely high values above 0.5 are likely due to insufficient saturation of
the induced magnetization in the maximally applied field of 500 mT. This indicates the presence of magnetic minerals with higher coercivity than that of magnetite. The two groups
from the Day plot outline depth intervals with different magnetic mineralogy.
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minimizing the Euclidean distance between Dk and D�k . It should be noted however that the NMF method
does not generate a unique solution and cannot prove that optimal decomposition is reached. Due to the
mathematical nature of NMF the final end-members represent covarying fractions of the IRM derivatives
and per se do not represent single minerals or restricted grain-size fractions.

3. Results

3.1. End-Member Decomposition
From borehole KDP-01 at Lake Hovsgul 1057 smoothed derivatives dMrðBÞ=dB of IRM acquisition curves Mrð
BÞ determined at fields between 1 and 200 mT in steps of 1 mT, covering depths from 106 to 5216 cm, have
been decomposed into end-members Ej using NMF. Smoothing of the measurements was performed by
quadratic approximation of each acquisition curve over a sliding window of 10 mT width [von Dobeneck,
1996]. The measurements include values up to 500 mT, but only the interval up to 200 mT contains relevant
information because above this value almost all remanent magnetizations are saturated within measurement
uncertainty. All components ej;f ; f 51; . . . ; 200, of end-member Ej were normalized, such that

MrsðEjÞ 5
X200

f 51

ej;f 5 1: (2)

This implies that the weight wk;j physically corresponds to the remanent magnetic moment, which Ej con-
tributes to the SIRM of sample k, and accordingly has the unit Am2/kg. The prescribed number N of end-
members was varied between N 5 1 and N 5 5 leading to increasingly better fits to the data set. If the total
misfit for N 5 1 is 100%, then the misfits for N52; 3; 4; 5 components are 39%, 11%, 5%, 4%. The last two
models include fits to outliers and unusual curves as well as to measurement noise. Improving the total misfit
beyond 11% for N 5 3 apparently only creates additional components which mainly adapt to noise and out-
liers. The last significant decrease in misfit was obtained between N 5 2 and N 5 3. Therefore, N 5 3 is consid-
ered to be the inherently optimal choice of N for this data set.

Figure 3 shows the three normalized end-member spectra for core KDP-01. E1 represents a low-coercive
fraction with a long tail toward higher coercivities, E2 is a well-defined high-coercivity fraction with
approximately symmetric distribution around 60 mT. E3 represents the highest coercivity fraction with
peak near 85 mT and extended tail toward higher coercivities of more than 150 mT. This fraction appar-
ently is systematically co-occurring together with a minor low-coercive fraction ranging from 10 to
30 mT.

The NMF end-member decomposition provides for each sample k three non-negative weights wk;j; j51; 2;
3 that can be plotted as SIRMðEj; dkÞ in function of depth dk of sample k (Figure 3, bottom diagram). As is
seen from this figure, E1 is nearly homogeneously distributed over the core, while E2 and E3 dominate in the
deep part of the core below 20 m, but contribute less in the upper part. Their intensity drops by more than
a factor 10 at the transition from 2000 to 1950 cm (Figure 3, middle and bottom diagrams). Besides this
long-term signal, end-members E2 and E3 vary irregularly on length scales of one to several meters, with
numerous distinct outbursts.

The difference in the distribution of the three components over the core is illustrated in Figure 4 which
shows the histograms of end-member intensities. The temporally stable contribution of E1 (Figure 3, top dia-
gram) creates a narrow unimodal distribution of IRM values (Figure 4). The broad histogram of E3 and espe-
cially the almost bimodal histogram of E2 reflect more complex distributions from highly variable
concentrations during sediment deposition.

3.2. Physical Interpretation of the End-Members
Interpretation of the found end-members in geological or physical terms requires additional evidence
which links these end-members to mineralogical components like magnetite, greigite, or different grain-
size fractions. Such evidence can be acquired by using the found NMF end-member weights wk;j to decom-
pose other linear extensive quantities measured on a sufficiently large subset of the original sample set into
the same end-members. The term linear extensive quantity here denotes any quantity lðVÞ measured on a
sample of volume V such that for any real numbers a, b, and volumes V 1, V 2, the measurement of a mixed
sample a V11b V2 results in
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lða V11b V2Þ 5 a lðV1Þ1b lðV2Þ:

In rock magnetism, hysteresis loops, backfield curves, and thermomagnetic curves M(T) in good approxima-
tion are linear extensive quantities. Thermomagnetic curves are reliable indicators to identify magnetic

minerals based on different Curie
temperatures TC, or on distinct
temperature ranges for chemical
alteration during heating. Here a
practical method is described to
perform the decomposition of line-
ar extensive quantities and thus to
predict, for example, thermomag-
netic curves, hysteresis loops, and
backfield curves that represent the
end-members themselves.
3.2.1. Thermomagnetic Curves
To assign physical meaning to the
components found in the previous
section—for example, as mineralog-
ical components—additional linear
extensive quantities measured on
a sufficiently large subset of the

Figure 3. (top left) End-members E1, E2, and E3 for IRM spectra of Lake Hovsgul sediments. (top right) Histogram of deviation between the
end-member model based on E1, E2, E3, and data. (bottom) End-member composition versus sample number.

Figure 4. Histograms of end-member IRM intensity distributions on a logarithmic
scale. E1 has a narrow unimodal distribution of IRM values. E2 and E3 have more com-
plex distribution patterns. They are either almost absent in some parts of the core,
but contribute the dominant IRM fractions in other parts.
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original sample set are decomposed according to the mixing coefficients wk;j from the IRM unmixing
using a least square pseudo-inverse.

In the case of thermomagnetic curves, data from Nc 5 12 samples are available, examples are given in Fig-
ure 5b. For each temperature step Ti the normalized magnetization Mk;i of sample k at this temperature is
approximately the linear mixture of the thermomagnetic magnetizations of the end-members E1; E2; E3

obtained by IRM unmixing, such that for each temperature Ti one has Nc linear equations

Mk;i5wk;1m1;i1wk;2m2;i1wk;3m3;i; k51; . . . ;Nc; (3)

where wk;j are the weights from the IRM end-member unmixing. For Nc > 3, equation (3) describes an over-
determined linear system from which the optimal least square estimate for the three unit-free numbers m1;i

;m2;i;m3;i can be obtained by multiplication of the data vector Mi5ðMk;iÞk51;...;Nc
with the pseudo-inverse

W1 of the corresponding weight matrix W5ðwk;jÞ. The thermomagnetic curves that correspond to the end-
members are then determined by mi5W1Mi , where mi5ðmj;iÞj51;...;N . Because W1 does not depend on i,
this is valid for each temperature Ti separately. The resulting least square estimates to the thermomagnetic
curves of E1; . . . ; E3 are shown in Figure 5c. Because the numbers mj;i are unit-free, they represent the ther-
mal magnetization at temperature Ti relative to end-member Ej’s remanent magnetization at room tempera-
ture. Note that the above point-wise least square estimate does not enforce any positivity constraints on
the magnetization curve. The fact that the reconstructed curves have a physically meaningful shape is
therefore not self-evident.

For Lake Hovsgul, this procedure yields a physical interpretation of the end-members, because the thermo-
magnetic curves in Figure 5c establish a mineralogical differentiation. Note that for these calculations only
the 200 mT curves were used as they cover almost the entire coercive spectra. The blue end-member E1 in
Figure 5c(top), is associated to a monotonously decreasing MsðTÞ curve with a Curie around 5708C which
suggests magnetite as the predominant magnetic mineral. The induced magnetization in 200 mT at room
temperature is more than 7 Mrs which indicates PSD to MD grain sizes. In combination the thermomagnetic
data characterize E1 as a coarse-grained magnetite fraction as it typically results from terrigenous influx via
fluvial transport, especially in an erosional catchment like Lake Hovsgul. The yellow end-member E2 in

Figure 5. (a) Two samples with complementary end-member mixtures. (top) At 2894 cm depth the sediment is dominated by 3 (green). (bottom) At 1959 cm the sediment contains
mainly end-member 1 (blue). (b) Thermomagnetic curves of the first heating for the samples from Figure 5a. The curve for 2894 cm depth shows a significant drop in magnetization
near the typical decomposition temperature while at 1959 cm the curve is dominated by a clear drop near the Curie temperature of magnetite. (c) Inferred curves of the end-members
from linear decomposition of all 12 available thermomagnetic curves obtained in the field 200 mT. Every curve is normalized to RT-IRM which is room temperature IRM obtained in this
field. (top) The decomposition of the first-heating curve. (bottom) Decomposition of the second heating after alteration.
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Figure 5c(top) also is clearly associated to a Curie temperature of 5708C but shows a more wavy behavior
below 4208C and an induced magnetization in 200 mT at room temperature of only 2 Mrs. Curie temperature
and high Mrs=Ms point toward single-domain magnetite, probably of bacterial origin. The wavy shape may
be due to the high covariance of E2 and E3, which makes differentiation between these phases more diffi-
cult. Finally, the thermomagnetic curve of E3 in Figure 5c(top) shows a sharp decrease near 4008C that
strongly indicates decomposition of greigite (Fe3S4), which has a decomposition temperature close to
3508C and alters to magnetite near 4008C [Dekkers et al., 2000]. That such a chemical change occurs is con-
firmed by the magnetite-like second heating curve of E3 (Figure 5c, bottom). Again, the wavy shape of the
first-heating curve and its negative values between 400 and 5008C probably originate from insufficient dif-
ferentiation between E2 and E3.

Because the available samples only allowed to measure 12 thermomagnetic curves, the statistical basis for
the reconstruction of the end-member curves is weak. In Figures 5a and 5b, the decomposition is therefore
tested by directly comparing thermomagnetic curves and end-member decomposition for two extreme
examples from the available set. The first is the specimen at depth 2894 cm which displays a predominantly
greigite-like thermomagnetic curve (Figure 5b, top) that agrees perfectly with its end-member decomposi-
tion which contain mostly the end-member E3 (Figure 5a, top). The second example from 1959 cm depth
has a clear magnetite-like thermomagnetic curve while its IRM spectrum is dominated by end-member E1

(Figure 5b). Thus, for E1 and E3 the direct comparison of thermomagnetic curves and IRM spectra for the
same specimens confirm the interpretation of the end-members as specific mineralogical components.
Unfortunately, the 12 samples do not contain an equally clear example dominated by E2, such that its
magnetite-like curve can only be reconstructed by the outlined least square inversion which finally confirms
that the IRM end-members E1; . . . ; E3 correspond to clearly defined mineralogical components of the mag-
netic fraction.
3.2.2. Hysteresis Loop Analysis
To gain further information about magnetic mineralogy and grain-size distribution of the end-members,
also the hysteresis loops and backfield curves of all 1057 samples have been inverted using the pseudo-
inverse W1 to obtain the least square approximations of hysteresis loops and backfield curves for the end-
members. Prior to this unmixing, the hysteresis curves have not been corrected for their paramagnetic slope
at high fields. This slope is physically not connected to the IRM, and contains independent and potentially
decisive information. If it varies in correlation with some IRM end-members, this provides strong evidence
that these end-members indeed represent broader sediment fractions and are relevant for paleoenvironmen-
tal interpretations. The loops assigned to the end-members by unmixing are shown in Figure 6. They provide
additional information that is in agreement with the conclusions from the thermomagnetic curves. The hyster-
esis loop corresponding to E1 resembles a typical multidomain (MD) magnetite hysteresis loop with an addi-
tional relatively large paramagnetic slope. This indicates that E1 represents a mixture of relatively large
magnetite grain sizes and paramagnetic phases as they typically occur from fluviatile or gravitational
transport.

Figure 6. (a) Reconstructed hysteresis loops corresponding to the three end-members of the IRM spectra. (right scale) E1, (left scale) E2, E3. (b) Reconstructed backfield curves of the end-
members. The amplitude corresponds to the relative magnetization of the backfield curves with respect to the saturation IRM used for the end-member modeling. The corresponding
remanent coercivities Hcr of the three end-members are: 26, 53, and 86 mT.
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Component E2 possesses a well-defined single-domain (SD) loop. In lacustrine environments, this is a fin-
gerprint of magnetosome chains from magnetotactic bacteria, which selectively produce SD magnetite
grains in the 3–100 nm range. Surprisingly, the loop clearly is associated with a negative high-field slope
which could indicate a substantial amount of covarying diamagnetic material, for example carbonate.
However, the high-field branch of E2 is not sufficiently straight, and on average has a too high negative
slope, such that this simple interpretation appears doubtful. As an alternative it is suggested that the neg-
ative slope rather results from a nonlinear correlation with E1. This could be purely statistical, in that varia-
tion of terrigenous influx is related to different sediment surface redox conditions, favoring higher or
lower MTB populations. It also could reflect a direct mechanism that removes paramagnetic material and
thereby decreases the positive slope, for example if the MTB population preferentially consumes para-
magnetic iron phases. This demonstrates the potential of IRM unmixing to recover and trace subtle
covarying processes in sediments.

E3 has an even higher Hc of 86 mT. By its thermomagnetic behavior E3 is mineralogically identified as grei-
gite and its hysteresis loop suggests that it mainly represents single-domain particles. This component
resembles component BH in Lake Baldegg, where it is characterized as a magnetosome phase resistant to
anoxic conditions and suppressed at elevated oxygen concentration [Egli, 2004a, 2004c]. While the latter
two properties suggest an interpretation of E3 as greigite magnetosomes, the relatively wide dispersion
of E3 (Figure 3) is in conflict with a small dispersion parameter (DP) expected for magnetosome ensem-
bles. Therefore admixture of an uncertain amount of abiotic greigite, common in suboxic/anoxic sedi-
ments, has to be assumed to explain the wide range of high IRM coercivities in this component. While in
marine environments, the differentiation between bacterial greigite and greigite of abiotic origin is
known to be difficult [Rowan et al., 2009; Roberts et al., 2011; Chang et al., 2014], also in lacustrine environ-
ments examples for high-coercive abiotic greigite phases have recently been reported by Just et al.
[2016].

From the reconstructed backfield curves in Figure 6b estimated values of Hcr were obtained, which makes
it possible to calculate all standard hysteresis parameters Mrs=Ms and Hcr=Hc for E1; . . . ; E3, and add the
end-member positions to the Day plot in Figure 2b. The required data are collected in Table 1. Large
uncertainties of the Day parameters Mrs=Ms and Hcr=Hc , up to a factor 2 for E2, occur because Ms and Hc

depend on the paramagnetic slope correction for the end-member hysteresis curves. This correction is
problematic for inverted end-member loops if they, like E2, do not show a clear straight slope at high
fields. While E2 and E3 essentially delimit the general trends of this diagram at the SD end, the estimated
position of E1 appears to have a somewhat too small Hcr=Hc and too high Mrs=Ms . Both effects seem to be
related to the marked potbellied shape of the reconstructed loop for E1 in Figure 6a which increases Hc

and Mrs and might be due to a partial covariation of E1 and a biogenic magnetite fraction that was not
incorporated into E2.

In short, the interpretation of the hysteresis loops of the end-members (Figure 6a) can be summarized as
follows:

1. The blue end-member loop corresponds to soft magnetic PSD-MD magnetite combined with a paramag-
netic fraction. Both mineralogies are characteristic for terrigenous influx into the lake.

2. The yellow end-member has a high coercivity of about 50 mT and a rectangular loop with negative slope
which may reflect consumption of Fe ion from paramagnetic environment during the synthesis of
magnetosomes.

The green end-member loop has the highest coer-
civity of over 70 mT and shows no slope at high
fields. It probably indicates greigite (Fe3S4).

4. Discussion

4.1. Assigning the End-Members to Lacustrine
Sediment Components
Based on a detailed analysis of IRM spectra from
the alpine Lake Baldegg, Switzerland, Egli [2003,

Table 1. Estimated End-Member Hysteresis Parametersa

E1 E2 E3

Mrs=Ms 0.1 � 0:9 � 0:6
Hcr ðmTÞ 26 53 86
Hc ðmTÞ 8 49 73
Hcr=Hc 3.25 1.08 1.18

aEstimates of Mrs=Ms and Hc have large uncertainties related
to the inverse modeling of the hysteresis loop.
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2004a, 2004b] distinguished five ferrimagnetic components common in lake sediments. Three of them coin-
cide in character to the end-members identified in Lake Hovsgul:

1. The detrital magnetite (D) with maximum coercivity in the interval 0–30 mT agrees very well with com-
ponent E1 in Lake Hovsgul and represents fluviatile and gravitational influx. This fluviatile fraction is the
least variable fraction over the entire core length corresponding to a period of about 1 Ma.

2. The biogenic soft component (BS) corresponds to E2 with coercivities the interval of 50–60 mT. E2 repre-
sents authigenic magnetite from magnetotactic bacteria (MTB) which prefer suboxic environments close
to the sediment surface.

3. What is indicated as ’biogenic highly coercive fraction (BH)’ by Egli [2004a] in Lake Baldegg predominant-
ly includes bacterial greigite with coercivities above 70–80 mT and occurs as E3 in Lake Hovsgul where it
may represent abiotic as well as biogenic greigite.

4.2. Analysis of Correlations Between the End-Members
Figures 3 and 9 show that the intensities of fine grained fractions E2 and E3 are positively correlated, mark-
ing intervals of enhanced or reduced MTB productivity. Particularly noticeable is the drop in both E2 and E3

intensities by an order of magnitude which is seen near the depth of 20 m. This substantial decrease cer-
tainly is caused by a major event in the history of Lake Hovsgul. Juxtaposition of rock magnetic data with
geochemical data by Fedotov et al. [2004b] reveal that the epoch of relatively high MTB activity between 20
and 35 m corresponds to a high level of salt content which also terminates at the depth of about 20 m.
Fedotov et al. [2004b] tie the period of high salt concentration to arid climate conditions. Because the only
clear time markers for KDP-01 are the Matuyama-Brunhes transition at about 780 ka and the onset of the
Jaramillo subchron at 1 Ma, a tentative linear interpolation based on magnetic inclination places the sug-
gested period with arid conditions between 0.7 and 0.42 Myr [Fedotov et al., 2004b]. By the same linear
interpolation, the transition from high to low IRM values corresponds to 380 ka close to the onset of marine
isotopic stage MIS-10 (374–337 ka) [Lisiecki and Raymo, 2005]. According to Fedotov et al. [2008], ice volume
in the area of Lake Hovsgul reached its maximum in the time interval of the last 450 ka during this stage.
The here observed marked drop in IRM intensity could therefore reflect suppression of biogenic activity and
termination of terrigenic influx with the onset of complete glacial cover of the lake during MIS-10.

To minimize the influence of noise, a quantitative estimation of the correlations between the random varia-
bles E1; E2; E3 and E2=E3 has been performed using the Kendall rank correlation coefficient s which mea-
sures the similarity of the orderings of the data. For n pairs of observations, two pairs (xi, yi) and (xj, yj), are
concordant if either xi> xj and yi> yj, or if xi< xj and yi< yj. Otherwise the pairs are discordant. The Kendall
rank coefficient varies between 21 � s � 1 and is calculated from the number nc of concordant pairs and
the number ns of discordant pairs by

s5
nc2ns

1
2 nðn21Þ : (4)

For E2 and E3 one obtains s50:64, indicating a very strong positive correlation, although E2 and E3 cannot
be linearly related but have to be linked in a more complex way. Otherwise the non-negative matrix factori-
zation would have assigned them to a single end-member of covarying phases. To better resolve details,
five-point smoothed versions of E2ðxÞ; E3ðxÞ and their ratio are plotted as a function of depth in Figure 9,
where Figures 9a and 9b separately focus on the top 13 m of the core. The figures show that most of time
the IRM E3, related to greigite, exceeds that of E2. However, episodically the ratio E2=E3 inverts to a domi-
nance of the magnetite-producing MTB (blue shading in Figure 9a). The ratio E2=E3 in Figures 9b and 9d
closely resembles the graphs in Figures 9a and 9c. This implies that extreme values of E2 and E3, indicating
high production of bacterial magnetite and bacterial or abiotic greigite, coincide with predominance of
magnetite over greigite IRM. Greigite is likely formed at an early diagenetic phase, shortly after MTB magne-
tite. Calculation of the corresponding Kendall correlation coefficient of s50:685 between E2 and E2=E3 con-
firms this visual pattern.

4.3. Connection to Sediment-Surface Oxygenation
Wherever biogenic magnetite is depleted to IRMðE2Þ < 20 mAm2/kg, greigite is still present, and becomes
the prevailing biogenic phase (deep orange fillings in Figure 9b). In these intervals, the absence of fine
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grained magnetosomes could be explained by later dissolution. Yet, the general correlation between E2 and
E3 (Figures 9a and 9c) contradicts this reasoning because in those intervals, where a sharp drop or step in E2

may suggest dissolution of fine grained magnetite, E3 shows exactly the same behavior although greigite is
not affected by the same dissolution processes as magnetite. For this reason, and because magnetite-
producing bacteria require suboxic conditions, the core sections showing low E2 and E2=E3 values rather
indicate more anoxic conditions in the lake sediment due to climatic or environmental variation. In short,
suboxic conditions E2=E3 > 1 are always linked to high MTB abundance, while anoxic conditions are charac-
teristic for reduced MTB production. This pattern is most pronounced for magnetite-producing bacteria.

4.4. Toward a Paleoenvironmental Interpretation
Based on this solid magnetic evaluation, we now progress to a much more hypothetical interpretation in
terms of environmental or climatic change. This requires some note of caution, as best expressed by Egli
[2004c]: ‘‘. . . many natural systems, such as lakes, oceans and deserts, are characterized by a strongly nonlin-
ear response to gradual climatic changes. . . . Multiple stable states are possible, and natural systems can be
characterized by the same stable state under different climatic conditions or by different stable states under
the same climatic conditions. Therefore, care should be taken in attempting to establish a correlation
between magnetic proxies and climate parameters.’’ Having said that, the observed substantial changes
from anoxic to suboxic conditions in Lake Hovsgul will almost certainly result from major environmental
changes. They occur on time scales which may very well reflect glacial/interglacial transitions. These time
scales appear long enough to interpret magnetic signals not solely in terms of nonlinear response to a grad-
ual change, but as really reflecting substantial change in the sedimentary environment. For example, melt-
ing of glaciers in the catchment will lead to increased influx of organic and inorganic matter and increase
productivity, including that of magnetotactic bacteria.

Rapid growth of the MTB population during glacial-interglacial transitions agrees with increased total
organic carbon and sulfur concentrations reported for two adjacent, but shorter, sediment cores, X104 and
X106, covering the last glacial to postglacial (LG-PG) transition [Nara et al., 2010]. According to their inter-
pretation, dissolved sulfate during the LG accumulated on the shore in wetlands and marshes. Afterward,
increases of precipitation and glacial meltwater influx, and lake level increases during the LG-PG transition
could have contributed to the large supply of the d34S-rich dissolved sulfate to deeper parts of Lake Hovsgol
[Nara et al., 2010]. The authors conclude that their results indicate an increase of dissolved sulfate concen-
trations in lake waters and high activity of sulfate reducing bacteria in the sediments during the last glacial
to postglacial transition, between 21 and 11.6 kyr BP.

Despite the difficulties to establish a correlation between magnetic proxies and climate parameters, there
exists a slight but statistically significant relation between high activity of MTB during glacial to postgla-
cial transitions and increase of sulfate mineral concentration dissolved in distilled water (data provided
by Fedotov et al. [2008]). By plotting E21E3 as a proxy for biogenic productivity, and sulfate concentration
SO4 against depth (Figure 7), a drop in intensity at depths around 20 m is clearly reflected in both curves.
Besides this common feature, also other peaks coincide between the curves (Figure 7). The three most
prominent peaks in Figure 7 lie close to the estimated end of the cold marine isotope stages MIS-4,
MIS-5b and MIS-5d, marked by bars in Figure 8b. The Kendall rank coefficient between E21E3 and SO4

is s50:15, reflecting only a
weak correlation, but with a p
value< 0.01. Thus, the null
hypothesis of statistical inde-
pendence of E21E3 and sul-
fate concentration is rejected
on a significance level below
1%, which supports the idea
of a link between the increase
of dissolved sulfate concentra-
tions in lake waters and high
activity of MTB in the sedi-
ments during glacial-postglacial
transitions.
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Figure 7. Sulfate SO4 concentration (red line, right axis) and sum of magnetic intensities
E2 1 E3 (black line, left axis) as functions of depth. Black rectangle marks the linearly interpo-
lated position of MIS-10 based on the KDP-01 age model of Fedotov et al. [2008].
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It is a plausible scenario that
E2, E3 and E2=E3 increase in
response to increased influx of
glacial meltwater, supplying
dissolved ions and terrigenous
material from the catchment,
mainly at glacial-interglacial
transitions. Assuming that this
connection can be extrapolat-
ed back in time, the magnetic
data from KDP-01 can be used
to detect and quantify similar
transitions in previous periods.

A number of corresponding short intervals of increased intensities of E2 and E3 are clearly recognized in Fig-
ure 9a. It is tempting to tie them to the first odd marine oxygen-isotope stages, but unfortunately the avail-
able age-depth information for KDP-01 does not provide sufficient resolution to verify this claim.
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Figure 8. Sulfate SO4 concentration (red line, right axis) and sum of magnetic intensities
E2 1 E3 (black line, left axis) for depths <600 cm. Bars indicate estimated termination of cold
stages MIS-4, MIS-5b, and MIS-5d based on the KDP-01 age model of Fedotov et al. [2008].

Figure 9. (a) Five-point smoothed IRM contribution of end-members E2 and E3 for the core top from 1 to 13 m. Blue filling highlights
regions where IRMðE2Þ > IRMðE3Þ, orange filling highlights IRMðE3Þ > IRMðE2Þ. (b) Ratio E2=E3 for the core top from 1 to 13 m. Blue/orange
filling highlights regions where IRMðE2Þ=IRMðE3Þ is larger/smaller than the median ratio 0.63. (c) Like Figure 9a but for the whole core from
1 to 53 m. Dotted line (VI) marks approximate position of a seismic unconformity. Gray lines mark the Matuyama-Brunhes (M/B) transition
at about 780 ka and the onset of the Jaramillo subchron at 1 Ma. (d) Like Figure 9b but for the whole core from 1 to 53 m.
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Oligotrophic lakes like today’s Lake Hovsgul are low in organics but rich in oxygen. However, during glacial
conditions reduced mixing and reduced influx of terrigenous material and nutrients leads to depletion of oxy-
gen in the sediment surface layer. Together with increased lake-water salinity during cold periods due to lake-
level lowstands [Phedorin et al., 2008], this may preferentially stimulate greigite production over bacterial mag-
netite production. While sulfate experiences only slight reduction in the upper oxidizing zone, organic matter is
reduced such that sulfur becomes abundant a few cm below in the reduction zone forcing the MTB fauna to
move deeper while favoring greigite production. Corresponding intervals of extremely low E2 intensity and low
E2=E3 ratio are present in Figure 9. By the same argument as above, these local minima between the peaks of E2

intensity and E2=E3 ratio may be related to the even marine oxygen stages. To adopt to changes in the suboxic/
anoxic conditions in the course of glacial-interglacial transitions, the MTB population may partially have changed
from magnetite to greigite producing biomineralization [Bazylinski et al., 1995; Kopp and Kirschvink, 2008]. A
recent finding by Lef�evre et al. [2011] even demonstrates that an individual ‘‘greigite-producing magetotactic
bacterium . . . is able to biomineralize greigite and magnetite depending on culture conditions.’’ This flexibility
could explain significant variations in the ratio between the content of different types of magnetosomes simply
as the response of single MTB species to change of the prevailing environmental condition, whereby the pro-
duction of greigite depends also on the availability of sulfate in the lake water.

An outstanding feature of the KDP-01 magnetic record is the sharp step at a depth of about 20 m in
Figure 9. Here the intensities of both E2 and E3 decrease by almost a factor of 100, while the intensity of E1

drops by a factor of at most 2–3 (Figures 3 and 10). Assuming temporally constant terrigenous influx, the
decrease of E1 would indicate an increase of sedimentation rate by a factor of 2–3 at the 20 m discontinuity.
The additionally deposited material then would be due to authigenic production in the lake, for example,
from increased plankton deposition. Such a change would rather transport more nutrients into the sedi-
ment and does not explain the concomitant drop of E2 and E3. Alternatively, a reduction of terrigenous
magnetite supply due to a change in transport processes or catchment structure may be related to condi-
tions with coincidental low production of E2 and E3 in the surface sediment. The variation in concentration
of terrigenous magnetite E1 is indeed also reflected in the intensity of E2 and the ratio E2=E1 (Figure 10),
although the correlation is much weaker (s50:20) than in case of the end-members E2, E3 and their ratio
E2=E3 (Figure 9). This observation points to an existence of links between the degree of MTB activity and
ongoing processes in the catchment of the lake. Most likely, these links are indirect consequences of cli-
matic changes in the environment of the lake.

5. Conclusions

End-member decomposition of the spectra of 1057 IRM acquisition curves from core KDP-01 results in three
main magnetic components which by linear inversion can be assigned to clearly separate hysteresis loops and

Figure 10. (a) Five-point smoothed IRM contribution of end-members E1 and E2. Blue filling highlights regions where IRMðE2Þ > IRMðE1Þ,
orange filling highlights IRMðE1Þ > IRMðE2Þ. (b) Ratio E2=E1 for the core from 1 to 53 m. Blue/orange filling highlights regions where IRMð
E2Þ=IRMðE1Þ is larger/smaller than the median ratio 0.21.
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thermomagnetic curves. This allows to identify these end-member components as three mineralogical compo-
nents that define the magnetic sediment fraction of Lake Hovsgul over more than 1 Myr. The first component is
magnetite with low coercivity and covariant with the paramagnetic sediment phase, indicating a larger magnetic
grain-size fraction from terrigenous, probably fluviatile influx. The other two components are single-domain frac-
tions with different magnetic hardness, thermomagnetically identified as magnetite and greigite. Their inferred
hysteresis loops have no paramagnetic slope, and resemble characteristics of magnetosomes from magnetotactic
bacteria, although for the greigite phase abiotic formation is equally possible. The variations of all three magnetic
fractions are correlated, whereby strongest correlation occurs between the two single-domain end-members. The
intrinsic linearity of the end-member decomposition implies that these correlations are not linear, so during the
intervals of high total productivity of magnetotactic bacteria the intensity of magnetite exceeds that of greigite,
while otherwise the ratio between magnetite and greigite signals is considerably less than 1. It appears likely that
a high magnetite/greigite ratio indicates suboxic sediment conditions, while low values indicate anoxic condi-
tions. The observed periodic variation of this ratio is therefore likely a sensitive climatic proxy marking glacial-
interglacial transition intervals versus glacial periods. The here developed new method for linking IRM end-
members to magneto-mineralogical sediment phases thus provides important information about the climatically
influenced surface sediment conditions in relation to terrigenous influx, thus connecting two essential processes
for the reconstruction of the total lacustrine environment.
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