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Abstract—Magnetic properties were studied in bottom sediments of saline meromictic Shira Lake by the
methods of static magnetometry and resonance Mossbauer spectroscopy for the first time. All layers of bot-
tom sediments contain nanosized single-domain magnetite particles produced by magnetotactic bacteria.
The concentration of magnetite in bottom sediments decreased with depth, reaching a local minimum in the
layer corresponding to the minimal level of the lake observed in 1910—1930. It is demonstrated that biogenic
magnetite may indicate climate-related changes in the level of Shira Lake, in addition to the other biological

and geochemical characteristics.
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The presence of magnetite (Fe;0,) in bottom sedi-
ments of natural water reservoirs is a common phe-
nomenon. It is described in numerous papers ([1—3]
and many others). The origin of magnetite may be
purely geological (if rocks in the water drainage basin
contain magnetite), as well as biogenic [2, 4]. Biogenic
magnetite in sediments is produced by magnetotactic
bacteria, which synthesize single-domain magnetite
particles in the composition of intracellular inclusions
(magnetosomes). Bacteria apply magnetosomes for
orientation in space using the magnetic field of the
Earth [5].

The saline undrained Shira Lake (54°30’ N, 90°11” E)
is located in the steppe zone of the northern part of the
Minusa Basin (Khakassia Republic), 15 km from the
regional center Shira Village. The area of the water
surface is 35.9 km?; the maximal depth is 24 m (2007—
2012). Currently the lake is meromictic; its deep layers
(monimolimnion) contain hydrogen sulfide [6].

It is known that the level of undrained lakes is sen-
sitive to variations in climate humidity. Consequently,
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reconstruction of changes in the level of the undrained
lake allows us to reconstruct the dynamics of varia-
tions in the budget of precipitates and evaporation in a
certain area. Recent studies included dating of bottom
deposits, estimation of the accumulation rate, analy-
ses of the element composition, and the concentration
of organics and photosynthetic pigments [7—9]. Here
we report the first results of study of the magnetic
properties of the upper part of bottom sediments in the
lake. It is shown that sediments contain biogenic mag-
netite, which is an additional independent paleoindi-
cator of variation of the redox conditions in the deep
part of the lake.

Nineteen samples from the core in the upper part
of bottom sediments with a depth up to 40 cm prelimi-
narily dried at 105°C were selected for analysis of the
magnetic properties. In addition, we analyzed mag-
netic properties of the sedimentary material collected
using sedimentation traps in the lake, as well as of
rocks surrounding the lake and stones on the shore
(red and gray sandstones). Bottom sediments in simi-
lar cores were previously dated by the concentration of
137Cs and ?'°Pb and by visual calculation of the annual
layers [9]. The upper boundary of the characteristic
“white” layer in the core indicating 130 mm and cor-
responding to approximately 1945 [9] was used as the
key point for correlation of various cores. The concen-
tration of organics in bottom sediments was estimated
as loss in weight of the samples dried at 105°C after
ignition at 550°C.

The static (in a quasi-constant magnetic field)
magnetic properties were studied on a vibrational

819



820

~ ot ° e °% So :.n 5 :
RS, s A

ROGOZIN et al.

* ﬁ v
L ° . R
. : %
‘ L]
C e T=300K
. :.'.
y)
-10 -5 0 5 10
v, mm/s

Fig. 1. Typical Mossbauer spectrum of the sample of bottom sediments of Shira Lake (depth of 65 mm).

magnetometer. Mossbauer studies were performed at
room temperature on a MS-1104Em spectrometer
with a ¥’Co(Cr) source. It was established that preli-
minary drying of the samples did not result in changes
to the magnetic properties.

Figure 1 shows an example of the typical Moss-
bauer spectrum of the sample from a depth of d =
65 mm. Comparison of the results of Mdssbauer spec-
troscopy with the model spectra shows that the spec-
trum is characterized by the parameters typical of
Fe atoms in hematite (35%), magnetite (8%), and
paramagnetic ions Fe?* (41%) and Fe*" (16%); the
portion (%) from the total content of Fe atoms is
shown in parentheses. There is a small deviation in the
parameters of Mossbauer spectra from the tabulated
values for the corresponding volumetric materials due
to the small particle size.

The method of static magnetometry confirms the
magnetoactive phases registered by Mossbauer spec-
troscopy. The presence of paramagnetic ions Fe3* and
Fe?* is observed in the low-temperature area, since the
curve of magnetization of a paramagnetic material
M(H) may be described by the model Brillouin func-
tion:

B(J,H) = (2J + 1)coth[(1 + 1/J)guBH}
J kT

gMBHjI
—(1/2J)coth| &—L— |,
(/27)o [ 2kT

where J is the spin of 5/2 and 4/2 for Fe3* and Fe?",
respectively; g is the factor of =2 for Fe; i is the Bohr
magneton; k is the Boltzmann constant. The typical
magnetization curve M(H) for the sample of bottom
sediments from Lake Shira at 7= 4.2 K in the fields up
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to 60 kOe shown in Fig. 2 is described by the following
equation:

M(H) = M,x B(J =5/2,H) + M,

X B(J =4/2,H)+H. 1
The values M, (=2.95 emu/g) and M, (=1.26 emu/g)
reflect the quantitative proportions between the para-
magnetic Fe ions (70% Fe3*, 30% Fe?*), which is in
agreement with the results of Mossbauer study. The
member y X H in (1) is typical of the antiferromag-
netic phase, the constant x is =2.5 x 10~° emu/g,
which is in agreement with the value of antiferromag-
netic susceptibility of o-Fe,O5 (hematite) [10] identi-
fied by Mossbauer spectroscopy. Increase in the mag-
netic moment M(7) (Fig. 2, inset) in the low-tem-
perature area reflects the paramagnetic contribution
as well.

In addition, there is a clear anomaly at 7'= 120 K.
There is only one candidate (magnetite Fe;O,), which
is ferromagnetic, among the known natural magneti-
cally ordered phases, including those in bottom sedi-
ments [2, 4]. The temperature 7y, = 120 K corresponds
to the structural transition in magnetite that is known
as the Verwey point [11]. The hysteresis of magnetiza-
tion M(H) at T=77.4 K typical of ferromagnetics and
the contribution from paramagnetic ionsat 7= 77.4 K
(under the given experimental conditions, the func-
tion B(J, H) is linear by the field) are evident from Fig. 3.
Deduction of the paramagnetic contribution from the
dependence M(H) for the sample provided the hyster-
esis dependence M(H) from the phase of magnetite,
which is characterized by magnetization of saturation
M. Other parameters of the hysteresis loop (coercive
force H and residual magnetization My) are shown in
inset of Fig. 3.
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Fig. 2. Curve of magnetization M(H) of the sample of bottom sediments from the depth of 65 mm (symbols) at 7= 4.2 K. Solid
lines indicate a model adjustment (1). The inset shows the behavior of M(7) in the magnetic field H = 1 kOe.

It is established that the H values are ~200 Oe
(77.4 K) and ~100 Oe (300 K), which exceeds the
known H values for magnetite with large (~1 um)
granules (~30 Oe at 7= 300 K) [12] and are typical of
particles with a size from ~50 to several hundred nm
[13]. At the same time, My/Mg at T=77.4 and T =
300 K ranges from 0.1 to 0.25 for all samples studied.
This allows us to consider that magnetite particles
occur in the pseudo-single-domain state [13].

The Mg and My may be considered as “markers” of
the concentration of the magnetite phase in bottom
sediments (Mg(7'= 300 K) for magnetite is ~92 emu/g
[11]; according to our data, the portion of magnetite
varies from ~1 to 0.1 wt % of the sample). The small
size of magnetite particles and the pseudo-single-
domain state allow us to assume their biogenic origin.
It is known that the size of magnetic particles in bac-
terial magnetosomes is ~30—100 nm [2], i.e., similar
to that in bottom sediments of Shira Lake. Correlation
between the concentration of magnetite in bottom
sediments and the content of organic materials (Fig. 4)
provides indirect evidence for the biogenic origin of
magnetite as well.

The tendency towards decrease in the magnetite
concentration from the upper to the deeper layers
shows that the source of magnetite occurs in the water
column or in the uppermost layers of sediments (Fig. 4).
The similar behavior and distribution with a maxi-
mum at the “water—bottom” boundary and decrease
downwards the sediment is a typical phenomenon for
lakes [2].
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The presence of small portions of magnetite in sed-
imentation traps confirms that magnetite is produced
in the water column of the lake. At the same time,
magnetite was not registered in rocks around the lake.

Thus, magnetosomes of magnetotactic bacteria liv-
ing in the lake are the most likely source of magnetite.
It is known that bacteria synthesizing magnetosomes
are mostly microaerophilic organisms; i.e., they live at
the boundary between the hydrogen and sulfide-bear-
ing waters in stratified water reservoirs [5, 14].

The “white” layer at a depth of 130—160 mm was
accumulated in the 1910s—1930s, when the lake level
decreased significantly (Fig. 4) [6, 8, 9]. It was previ-
ously shown that the low concentration of organic
material, absence of hydrotroilite (FeS— - nH,0)~, and
strong decrease in the concentration of okenone (spe-
cific pigment of purple sulfur bacteria) in the “white”
layer in comparison with the overlying black layers
provided evidence for the oxidized conditions in near-
bottom waters of Shira Lake in that period [8, 9]. The
local minimum in magnetite distribution at a depth of
130—160 mm registered in our study supports this
hypothesis. Most likely, in that period the oxidized
conditions inhibited development of anaerobic mag-
netotactic bacteria and, consequently, decrease the
introduction of biogenic magnetite to the bottom sed-
iments. In addition, it was shown that magnetite,
especially forming nanoparticles, was very sensitive to
oxidation by oxygen [3, 11]. Consequently, the rate of
its degradation in sediments could be higher under the
oxidized conditions. Although interpretation of the
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Fig. 3. Hysteresis curve of magnetization of the sample of bottom sediments at 7= 77.4 K (full circles), paramagnetic contribution
(solid line), and signal from magnetite (open circles). The inset shows the magnified signal from magnetite. The values of My,
Mg, and H( are given in the text.
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Fig. 4. Vertical distribution of magnetite and organic material in bottom sediments of Shira Lake, documented changes in the
maximal depth (level) of the lake, and core photographs.
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magnetite content in the bottom sediments should be
accurate because of the strongly nonlinear responses
of the concentration to different external factors [15],
in this study, we confirmed that biogenic magnetite
could be one of the paleoindicators of changes in the
redox conditions of Shira Lake and, consequently, of
climatically related changes in its level. This conclu-
sion may be applied for interpretation of analyses of
the older sediments aimed at paleoclimate reconstruc-
tion for the Late Holocene of South Siberia.
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