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We conducted a high-resolution study of a unique Holocene sequence of wind-blown sediments and buried
soils in Southern Siberia, far from marine environment influences. This was accomplished in order to assess
the difference between North Atlantic marine and in-land climate variations. Relative wind strength was
determined by grain size analyses of different stratigraphic units. Petromagnetic measurements were
performed to provide a proxy for the relative extent of pedogenesis. An age model for the sections was
built using the radiocarbon dating method. The windy periods are associated with the absence of soil forma-
tion and relatively low values of frequency dependence of magnetic susceptibility (FD), which appeared to be
a valuable quantitative marker of pedogenic activity. These events correspond to colder intervals which reg-
istered reduced solar modulation and sun spot number. Events, where wind strength was lower, are charac-
terized by soil formation with high FD values. Spectral analysis of our results demonstrates periodic changes
of 1500, 1000 and 500 years of relatively warm and cold intervals during the Holocene of Siberia. We pre-
sume that the 1000 and 500 year climatic cycles are driven by increased solar insolation reaching the
Earth surface and amplified by other still controversial mechanisms. The 1500 year cycle associated with
the North Atlantic circulation appears only in the Late Holocene. Three time periods — 8400–9300 years
BP, 3600–5100 years BP, and the last ~250 years BP — correspond to both the highest sun spot number
and the most developed soil horizons in the studied sections.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Although a number of high-resolution climatic studies of the
ocean and various continental parts, especially North Atlantic regions,
explain climatic variability in the Holocene, it is still unknown how
Eurasian climatic changes in the continental interior fit these models.
Of the Earth's continental sedimentary successions, the Holocene
Siberian loess/soil sequence presented in this study is most remote
from oceanic influence.

The climate of the North Atlantic is strongly controlled by the
mixing of waters from different ocean basins. This mixing is triggered
by a mechanism called thermohaline circulation (Rahmstorf, 2006).
The movement of ocean water in thermohaline circulation depends
on variations in temperature and salinity. Climate cyclicity through
the Holocene has been observed only in or near marine settings and
is strongly controlled by glacial input to the North Atlantic (Bond et
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al., 1997). Periodicities of ~2500, ~1500, and ~1000 years are gener-
ally observed in the North Atlantic (Bond et al., 1997; Bianchi and
McCave, 1999; Schulz and Paul, 2002; Viau et al., 2006; Debret et
al., 2009). Insolation with a 900-year component has been proposed
to be a potential driving force for the ~1000-year cycles (Schulz and
Paul, 2002). The glacial material influx influenced by solar variability
has been proposed to be the cause of the 1500-year cycles recorded in
the North Atlantic (Bond et al., 2001).

It is still questionable if such periodicities and well-documented
North Atlantic events like the Little Ice Age or the Medieval Warm
Periodweremanifest in the continental interior of the largest continent,
Asia. As interior Asia is remote from oceanic influence, the effects of
solar variability could be more pronounced compared to near-marine
environments like Europe or North Atlantic regions (Kravchinsky et
al., 2007, 2008). Logistic complexity in sample collection on available
sedimentary sections may account for the dearth of high-resolution
data from continental Asia.

2. Site description

A continuous Holocene soil/loess section was sampled in the
Trans-Baikal region of Siberia (Fig. 1). The Burdukovo site is situated
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Fig. 1. Location of the Burdukovo study site. An insert shows the site at a large scale.
Plotted using Google Earth.
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at a terrace in the Selenga River valley, east of Lake Baikal (52.1°N
and 107.5°E), just outside the village of Burdukovo. Four trenches
were dug in the terrace to allow construction of a 5 m composite
cross-section. The most prominent buried soils were traced along
the terrace forming a series of small paleo-depressions and plateaus
and were used as correlation levels between the trenches (Fig. 2).
The soil descriptions are based on the Canadian System of Soil
Classification (Soil Classification Working Group, 1998), with the
WRB international classification equivalents provided in brackets
(International Society of Soil Science, 1998) following White et al.
Fig. 2. The Burdukovo study site trenches. Trench 1 is at the base of the paleo-depression, T
arrows on either side of the figure are indicating the top of soil #13, the thickest buried soil
between the individual trenches.
(2013). The modern soil is a Eutric Brunisol (Eutric Cambisol). The
buried soils are Cumulic Humic Regosols (darker horizons) and
Cumulic Regosols (Mollic Fluvisols and Cumulic Arenosols).

Trench 1 was located near the base of a paleo-depression and was
4.05 m from the top of the terrace to the bottom of the trench (Fig. 2).
Trenches 2 and 4 repeat each other and were both located in the
transition zone of a paleo-depression. Trench 3 was at a plateau and
exposed 3.45 m of sediment. Trench 4 was 4.40 m from the top of
the terrace to the bottom of the trench and contained the contact
between the Holocene deposits and earlier alluvial sand and gravel.
renches 2 and 4 are in a transitional zone, Trench 3 is on a plateau. The gray horizontal
. As the best developed buried soil, it was used as the datum for correlation of the units

image of Fig.�2
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Only well-developed buried soils shown in the composite cross-
section of Fig. 3 contain A and B horizons. Other soils do not have
enough maturity and are very thin. Discontinuity affiliated with the
soil horizon 13 was observed in themicro paleo-depressions (Trenches
1, 2 and 4). The loess on the plateaus appears to be continuous but
missing the top of the composite section.

Samples of 2 × 2 × 2 cm3 were taken continuously at 2.5 cm
intervals. Section (trench) sampling overlapped by 1 m to verify the
repeatability of measured properties for the same stratigraphic levels.

3. Methods

To identify variations in the concentration, grain size, andmineralogy
of the magnetic material in the sections, petromagnetic parameters —

low field mass specific magnetic susceptibility (MS) χlf, frequency de-
pendence (FD) ofmagnetic susceptibility, anhysteric remanentmagneti-
zation (ARM), saturation isothermal remanent magnetization (SIRM),
and back field isothermal remanent magnetization (bIRM) — and the
ratios derived from them (normalized to the steady field anhysteric
remanentmagnetization χARM, and S-ratio weremeasured in the paleo-
magnetic laboratory of the Physics Department at the University of
Alberta (see Supplementary Materials for further details).

A number of special precautions have been taken during FDmeasure-
ments to suppress the usually quite high noise level of the Bartington
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Fig. 3. Section description and magnetic concentration parameters for Burdukovo site. χlf —
parameter (%); χARM — anhysteric remanent magnetization (10−6 m3 kg−1); and SIRM —

material section Methods for detailed explanation of petromagnetic parameters. Black (b
(poor developed light color) soil, 3 — loess horizons, and 4 — sandy layers. Dotted line in FD
soil (sandy) horizons.
instrument. First of all every sample has been measured at least three
times in different positions and the MS averages have been used in all
further figures. All three MS measurements were fairly consistent and
with no unusually high errors. The FD value was calculated from the
average low- and high frequency MS values for every sample. We mea-
sured the sampleswith extra care during the eveningswhen the electro-
magnetic noise was lowest in the lab. The instrumental drift was also
monitored and eliminated by taking ‘air’ readings before and after each
sample measurement.

Sedimentary grain size was measured on a Sedigraph 5100 avail-
able at the Earth and Atmospheric Sciences Department (University
of Alberta) (see Supplementary Materials for more details on sedi-
mentary grain size analysis).

Samples for radiocarbon (14C) datingwere collected as part of a pre-
vious study of the site (White, 2006; White et al., 2013). Analyses were
carried out by ISOTRACE Laboratories with results derived either from
bulk soil material or charcoal fragments, the latter dated by accelerator
mass spectrometry (AMS). Sample proveniences are associated gener-
ally with Trench 4. The uncorrected 14C dates were calibrated using
OxCal software version 3.10 (Ramsey, 2001) following a technique de-
scribed in Ramsey (2001) and Reimer et al. (2004). The calibrated
ages are listed in Table 1. The composite depth was converted to the
age by linear interpolation between the radiocarbon dates.
Preliminary optically stimulated luminescence (OSL) dating for the
D
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low frequency magnetic susceptibility (10−6 m3 kg−1); FD — frequency dependence
saturation isothermal remanent magnetization (10−6 Am2 kg−1). See supplementary
lue, green) symbols correspond to Trench 1 (3, 4). Legend: 1(2) — organic rich dark
parameter denotes the mean FD (0.61%). Horizontal solid (dashed) gray lines denote
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Table 1
Calibrated 14C ages in years BP.

Composite depth Uncalibrated age Calibrated age
(cm) (years) (years)

265 3500 ± 70 3780 ± 90
330 5970 ± 60 6805 ± 145
442 7370 ± 70 8185 ± 165
475 8230 ± 120 9215 ± 185
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loess samples from the composite depth level of 1.7, 3.4 and 3.9 m
endorses the here reported 14C ages. The result of the OSL dating is a
subject of a separate publication under the auspices of the Chinese col-
leagues (personal communication). Non-linear time scales were also
tested assuming soil to have higher or lower sedimentation rates than
loess and taking in account the possibility of a discontinuity at horizon
13. The linear model was still the most robust representation of the
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Fig. 4. Section description and analytic data for Burdukovo site. Grain size — median sedim
concentration parameters; and S-ratio (unitless) — magnetic mineralogy parameters. See
parameters. Black (blue, green) symbols correspond to Trench 1 (3, 4). Same legend as in F
mean sedimentation rates on the secular — millennium scale of this
study. Only for the dark and organically rich soil horizons did we
assume a slightly slower (~20%) sedimentation rate. The pedogenic
magnetic mineral formation does not usually occur exactly on the top
of the new-forming soil; observed FD peaks therefore may appear
older than they actually are. The top layer could then be removed and
re-deposited during cooler and windier periods exposing the magnetic
minerals to the surface. It is unfeasible to estimate the exact influence of
such process on our agemodel, however the duration of the soil horizon
formation is in the order of 100 years in our study and the FD signal is
still sufficient.

4. Results

All measured parameters are plotted against the composite
cross-section in Figs. 3 and 4. The section was constructed by visual
correlation of the soil horizons which could be easily traced from
0 1 2 30 1 2
) χARMlf χARM/SIRM

0.5 1.0

S-ratio

entary grain size (μm); χARM/χlf (unitless) and χARM/SIRM (10−4 mA−1) — magnetic
supplementary material section Methods for detailed explanation of petromagnetic
ig. 3.



Table 2
Generalized characteristics of the two sedimentary assemblages for the studied
Holocene section.

Parameter Interglacial assemblage Glacial assemblage

Lithology Soil Loess
Magnetic concentration
(χlf, χARM, SIRM)

Higher Lower

Magnetic concentration of
superparamagnetic
particles FD-factor

Higher Lower

Magnetic grain size
χARM/χlf χARM/SIRM

Higher proportion of
smaller size magnetic
grains

Lower proportion of
smaller size magnetic
grains

Sedimentary grain size Higher proportion of
smaller sedimentary
grains

Lower proportion of
smaller sedimentary
grains
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trench to trench in the field (see highlight of the soil horizons of
Trench 1 in Supplementary Materials, Fig. SM-1, and an ink sketch
highlighting the major soil horizons in the different trenches and
their continuation from trench to trench in Fig. SM-2). Fig. 3 demon-
strates that magnetic susceptibility often but not always correlates
with soil horizons. Possible reasons for the lack of correlation be-
tween soil intervals and MS values for Siberian loess sections are
discussed in Kravchinsky et al. (2008) and Bábek et al. (2011). MS re-
veals a close relationship to the redox capacity during pedogenesis
and the type of soil. One of the most common complexities obscuring
correspondence between paleosols and magnetic susceptibility is
gleization which was observed in the studied sections along with fer-
ruginous mottles. Some of the soils in the upper part of the section
were formed during short time periods and are thin and weak to de-
velop a strong magnetic susceptibility signal.

The frequency dependence (FD) parameter (Fig. 3) appears to
correspond to the most prominent soil intervals. FD has become
the leading parameter for analyzing climatic change in Siberian se-
quences (Kravchinsky et al., 2008) because it is higher in soil horizons
than in loess. The enhanced FD parameter in soils is associated with
ferromagnetic minerals, mostly superparamagnetic magnetite pro-
duced during pedogenesis. For the interval between 0.5 and 1.2 m,
however, the soil horizons were thin and weakly developed and
their correspondent FD peaks barely exceed the mean value of
0.61%. All other FD peaks are characterized by values of more than
1%. Very well developed and relatively thick soil horizons have FD
values ranging from 2 to 6%.

Magnetic concentration parameters χARM and SIRM (Fig. 3) confirm
the presence of FD peaks that correspond to soil horizons at 150, 185,
and 330 cm where χlf does not show any variations. Especially χARM
shows a higher concentration at the corresponding depths.

The sedimentary grain size in Fig. 4 demonstrates the general
correspondence of the smaller median grain size values to the soil
horizons. Larger median grain sizes correspond to the loess layers.
The stronger wind during the relatively cooler periods of the loess
accumulation displaced larger sedimentary particles when the vege-
tation was poorly developed and pedogenesis processes were weak.
In such colder intervals it was easier for the wind to lift and transport
sedimentary grains further and they accumulated in local topography
depressions like the Burdukovo site. This scenario agrees with the
wind vigor model suggested by Evans and Heller (2001) for Siberian
loess deposits.

Parameters that characterize the magnetic grain size (χARM/χlf and
χARM/SIRM) demonstrate smaller sizes for the well-developed and
thicker soil horizons at 150 cm and below confirming the sedimentary
grain size peaks. The thin soil layers above 150 cm appear to be too
weak in terms of magnetic mineral development to show well-
defined peaks, although the sedimentary grain sizes in these soils are
small for this depth interval.

A higher S-ratio parameter corresponds to a higher amount of low
coercivity magnetic minerals (i.e., magnetite and maghemite) in a
sample. The S-ratio curve indicates that on the soil/loess interval
time scales the ratio of low coercivity to high coercivity magnetic
minerals is mainly controlled by variations in the production of ped-
ogenic magnetite/maghemite superimposed on a hematite/goethite
background. Newly produced magnetite in the soils concurs with a
higher rate of weathering-produced hematite during soil formation
time intervals.

5. Discussion

The results of petromagnetic studies of the Burdukovo Holocene
section reveal two distinct sedimentary and magnetic mineral assem-
blages (Table 2). The magnetic concentration parameters correspond
consistently to well-developed soils below 150 cm depth. Such soil
intervals are characterized by higher magnetic concentrations and
FD parameters that signify conventional production of magnetic min-
erals during soil formation. During relatively cooler intervals, eolian
input prevails in the concentration of magnetic minerals.

Magnetic and sedimentary grain sizes vary in a very similar man-
ner. Smaller grain sizes correspond to soil intervals and larger grain
sizes correspond to loess intervals. This might indicate stronger
winds during relatively cool and dry periods. Winds lift larger sedi-
mentary grains from the ground when the vegetation and soil devel-
opment is weak and unable to prevent erosion. Sedimentary grain
size appears to be a more sensitive indicator of wind strength for
the uppermost interval (above 150 cm) refining the magnetic param-
eter indication of more recent and weakly developed soils.

The magnetic mineral composition variations do not correspond
to the soil intervals entirely. The correspondence is probably diluted
by secondary alterations where magnetite is transformed to hematite.
Evidence of this process was observed in the reddish or brown tone of
the soils, and is known to occur in Chinese paleosoils (Bloemendal
and Liu, 2005).

In order to perform spectral analysis and evaluate Holocene
climatic periodicities, we used the FD factor because it identifies the
most developed soil intervals better than other parameters. The
three studied sections were combined by putting their FD data on a
common age scale by linear interpolation between the correlation
points and averaging the two values whenever their ages were iden-
tical. The resulting curve was smoothed by the least squares method
to reduce discrepancies in the values between different sections.

We compare our resulting lithology, FD and sedimentary grain
size records with reconstructed sunspot number (Solanki et al.,
2004), the amount of solar modulation (Vonmoos et al., 2006), and
the Lake Baikal δ18O values from diatom silica (Mackay et al., 2011)
(Fig. 5). Sunspot numbers for the Holocene have been reconstructed
using dendrochronology and radiocarbon dating (Solanki et al.,
2004). All soil intervals visually correspond to the higher sunspot
number and amount of solar modulation very well. The level of
solar activity during the past 70 years is extraordinarily high and is
comparable to a period of similar high magnitude that occurred
~2500, 3600–4000, ~5100 and ~9000 years ago (Solanki et al., 2004).
At Burdukovo, the richest organic, thicker, and darker soils correspond
to three intervals: near the present day, 3600–5100 years ago (three-
layer soil), and 8400–9300 years ago (double soil).

The double soil coincides, for example, with paleohydrological
changes found in west-central Europe (Magny et al., 2011) where
higher lake-level conditions existed until 9000 years BP, followed by
a maximal lowering at 8500–9000 years ago. The triple weakly devel-
oped soil at 7500–8000 years BP (Fig. 5) correlates well with the
Laurentide Ice Sheet retreating identified using 10Be (Carlson et al.,
2007). The whole interval 7500–9300 years BP corresponds generally
to the warmer temperature interval registered in the Greenland
ice record that reveals a pronounced Holocene climatic optimum
coinciding with maximum thinning near the Greenland ice sheet
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margins (Vinther et al., 2009). Tarasov et al. (2007) reported the
warmest and wettest climate at ~7000–9000 years BP in the Lake
Baikal region.

The other triple organic rich soil interval of ~3600–5100 years ago
also corresponds both to the longest interval with high sun spot num-
bers in the Holocene (Solanki et al., 2004) in Fig. 5 and the Drift Ice
Indices Stack and amount of 10Be from the North Atlantic (Bond et
al., 2001) in Fig. 6. Although the resolution of the δ18O data from
Holocene sediments of Lake Baikal is not very high (Mackay et al.,
2011), there are no other detailed records in the study area to compare
with. The major episodes are in good agreement with our records
(Fig. 2). The Baikal record highlights the dominance of fluvial input be-
tween 5300 and 4000 years BP, which may indicate a relatively warm
period with higher precipitation in the Lake Baikal region. The Siberian
pollen record (Tarasov et al., 2007) provides additional evidence for as-
sociating the warmer and moister climate at 5600–4000 years BP with
the mature soil formation in the study section (horizons 13–15).

Day et al. (2007) hypothesized that approximately one millenni-
um after 7 kyr BP slowing of sea-level rise and gradual increase in
temperatures, many coastal urban centers started to develop around
the world. They correlated it with the development of stable coastal
environments and ecosystems and an increase in marine productivity,
which would provide a food source for hierarchical urban societies.
The warmer global climate conditions also led to the expansion of agri-
culture and population growth in interior regions, forming some of the
first large urban societies in many parts of the world (Staubwasser and
Weiss, 2006), whereas the impact of climate drying and consequent
decrease in rainfall following this period often reduced agricultural pro-
ductivity in some regions (DeMenocal, 2001). The earliest human civili-
zations in Africa, the Middle East, and Asia were just beginning to rise
3500–5200 years BP which appears to coincide with the organic rich
triple soil interval of 3600–5050 years BP indicating a globally regis-
tered warming period.

At present, some degree of skepticism about the climatic impact on
human civilizations still exists in the literature for particular cases, and
it has also been demonstrated that ancient society collapses might be
strongly nonlinear in character, driven by complexities within a
self-organizing structure of the society. It is not always obvious if the
climate change was the typical trigger for the collapse (Coombes
and Barber, 2005). Therefore obtaining and analyzing high-resolution
palaeoenvironmental records may help illuminate this debate.

Beer et al. (2006) reconstructed a 9000-year record of solar mod-
ulation by removing the effect of the changing geomagnetic field on
the production rate of 10Be. They compared their solar modulation re-
cord with other paleoclimatic data and reported a causal link between
solar variability and climate change in the Holocene, although the un-
derlying physical processes that caused the relationship are not clear.
The most promising candidate is changing in cloud formation because
clouds have a very strong impact on the radiation balance and because
only little energy is needed to change the cloud formation process. One
of the ways to influence cloud formation might be through the cosmic
ray flux that is strongly modulated by the varying solar activity
(Friis-Chrisensen and Svensmark, 1997). More recently, Gallet et al.
(2003) discussed possible periods of rapidly increasing geomagnetic
field intensities from 5000 to 2000 years BP which they called
‘archaeomagnetic jerks’. The visual correlation of these short peaks to
cooling episodes in the North Atlantic (Bond et al., 1997, 2001) led
Gallet et al. (2006) to suggest that the geomagnetic field may have
had an impact on climate and therefore perhaps even on the history
of ancient civilizations: major cultural crises would occur at the end of
cooling cycles— causing arid conditions—which in turnwould coincide
with rapidly increasing geomagnetic field intensity, both inMesopotamia
and the Levant, and possibly during Mayan history as well (Gallet and
Genevey, 2007). On the basis of this temporal coincidence, Courtillot et
al. (2007) argued that theremay have been a connection between Earth's
magnetic field and climate. A proposedmechanism involves variations in
the geometry of the geomagnetic field resulting in enhanced cosmic-ray
induced nucleation of clouds. This speculation has led to heated debates
on potential mechanisms causing climate change in the past (Bard and
Delaygue, 2008; Courtillot et al., 2008).

The main features of the FD profile resemble the oceanic record as
well (Stack of Drift Ice Indices), 10Be records from Bond et al. (2001),
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and Icelandic loess grain size variation (Jackson et al., 2005) (Fig. 6).
Such correspondence illustrates the global connections between the
oceanic climate of the North Atlantic, the continental climate in central
Eurasia, and the parameters that represent solar activity. Since Denton
and Karlén (1973) suggested that advance and retreat of glaciers
occur in 1500-year cycles, many studies have reported climatic oscilla-
tions of 2500, 1500, and 1000 years (Bond et al., 1997; Bianchi and
McCave, 1999; Viau et al., 2006; Debret et al., 2009). During the
Holocene, natural climate cycles of 1500 years appear to be persistent,
although the origin of this pacing remains unexplained (Bond et al.,
2001; Rahmstorf, 2003; Mayewski et al., 2004). Solar variability is
often considered to be responsible for such cycles, but the evidence
for solar forcing is difficult to evaluate in the presence of many other
components.

Debret et al. (2007) demonstrated the advantage of the wavelet
analysis (WA) as compared to the classical Fourier spectral analysis
(usually Blackman–Tukey or maximum entropy technique) while
detecting a 1500-year periodicity that evolves through time in the
oceanic records. These authors (2007) argued that this type of spec-
tral analysis of existing oceanic data sets has enabled them to distin-
guish 1000- and 2500-year oscillations of solar forcing and has
revealed that 1500-year climate cycles are linked to oceanic circula-
tion in the latter half of Holocene.
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First, we used the PAST software (Hammer et al., 2001) to apply the
Walsh transform to our lithological binary record considering loess as
zero and soil as one on the equally spaced time scale. Fig. 7 demon-
strates that the lithological record comprises a dominant peak of
1000 year periodicity. We also compared our results with the REDFIT
spectral analysis module (Hammer et al., 2001) described in Schulz
and Mudelsee (2002) for our FD data (Fig. 7). The time series is fitted
to a red noise model in this method. We also compared REDFIT with
the Blackman–Tukey method spectra (not shown, using software of
Paillard et al., 1996). The cycles of 1000 and ~500 years are the
same for both techniques; the period of 1500 year is veiled in the
Blackman–Tukey spectrogram.

Secondly, we performedWA on the FD record and Drift Ice Indices
Stack (Bond et al., 2001) in order to evaluate the subtle changes
through time and to compare our results with the global records
(Fig. 8) (see Debret et al. (2007, 2009) for discussion and illustration
of the WA analysis of the other oceanic records). In order to perform
the analysis we modified the Matlab code from Torrence and Compo
(1998) and used the Morlet wavelet described in Debret et al. (2007).
WA performed on FD time series highlights major cyclicities (at 95%
of confidence): the most prominent 1000 year cycle throughout
whole Holocene, and ~500 and ~1500 year between 2 and 5 ka
(Fig. 8). WA performed on the Drift Ice Indices Stack reveals three
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major cyclicities: 1000, 1500 and 2500 years (Fig. 8). This wavelet
power spectrum is identical to the spectrum of Debret et al. (2007),
their Fig. 3). The 1000 year cycle is absent from present to 5 ka; spec-
tral power increases at a period of ~1500 years.

Our result for the WA spectrum of FD is in line with the records of
10Be and especially 14C where the 1000 years period is strong and
~1500 years is very weak (below the confidence level) (see Fig. 3 in
Debret et al., 2009). The concentration of these isotopes depends on
the amount of solar radiation and can therefore be expected to show
spectra similar to sun spot number and solar modulation spectra.

We performed WA analyses on sun spot number and solar insola-
tion in order to compare their spectra with the FD parameter spec-
trum in Fig. 8. The spectra show that the 2500-year cycle is the
most prominent in the spectrum of the sun spot number (Fig. 9).
The period of 1000 years is significant in the interval between 7 and
11 ka, which is similar to the WA power spectrum for the Drift Ice In-
dices Stack in Fig. 8. The 500-year cycle is significant at 2–3.5 ka and
8.5–10 kyr. The first interval is observed in the FD spectrum, the sec-
ond cannot be resolved in our study as the FD record goes only until
9.5 ka. The solar insolationWA spectrum is characterized by the dom-
inant 1000-year cycle which is most significant in both the FD and
solar insolation between 3 and 9 ka and visible from the present
day to 1–1.5 ka.

Our section is remote from an ocean and therefore oceanic circula-
tion is expected to play only a minor role in this deep continental
area, whereas solar radiation could be amplified by the harsh conti-
nental climate conditions. Fig. 10 illustrates that the FD parameter
spectrum is coherent to both sun spot number and solar modulation
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spectra at the statistically significant peaks of 1000 and 500 years.
The coherency is calculated with the Blackman–Tukey method
(Blackman and Tukey, 1958) with a Bartlett window. The procedure
follows Paillard et al. (1996) and uses the authors' software.

Hence, our results support the arguments of Debret et al. (2007)
that the 1000-year cycle is directly forced by solar activity whereas
the ~1500-year cycle, dominant during the Late Holocene, most likely
corresponds to oceanic internal forcing. Our data do not indicate any
presence of the 2500-year cycle shown in the oceanic record and sun-
spot number spectra. The solar insolation data of Beer et al. (2006)
also do not contain this cycle although the sun spot number does
(Fig. 9). From the FD data set it appears that the 1500-year cycle
may have a global distribution.

It is not clear that a change of 1.5 W/m2 in Holocene solar radia-
tion (Usoskin et al., 2007) can explain a direct influence of solar var-
iability on climatic change. Beer et al. (2006) briefly reviewed
possible feedback mechanisms that could amplify the solar heating
effect. We demonstrate here that continental climate change with
periodicities of ~500 and 1000 years is more easily linked to solar vari-
ability in the Holocenewhereby the oceanic cycle of ~1500 years is still
in effect in the Late Holocene.

6. Conclusions

(1) We constructed a complete Holocene climate record in the
center of the Eurasian continent that corresponds to global cli-
mate records from the North Atlantic, to sun spot number, and
to the amount of solar insolation.
rum
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(2) Spectral analyses of this record reveal persistent periodicities
of 1000 and 500 years that may correspond to solar activity
variations during the Holocene epoch. Such periods correspond
to solar variation induced climate changes and are recorded in
magnetic properties of soil layers deposited during cyclic changes
in the environment.

(3) A 1500 year cycle corresponding to the North Atlantic oceanic
circulation may have widespread global distribution in the Late
Holocene.

(4) Three time periods — 8400–9300, 3600–5100 years BP, and the
last ~250 years BP — correspond to both the highest sun spot
number and the most developed soil horizons in the studied sec-
tion. We suggest that the first of the three time intervals relates
to the warmer period registered in the Greenland temperature
and Siberian pollen records, the second time period correlates
to the middle–late Holocene warmer and wetter period regis-
tered in the Lake Baikal oxygen isotope and pollen record and
the most recent time period matches the post Little Ice Age
warming.
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Figure SM-1. Loess / buried soil sequence of Trench 1. Numbers near arrows indicate soil horizons 

which correspond to Figure 3 and 4 of the manuscript.  

 

 

 



 

 

 

 

 

 

 

Figure SM-2. Top: the Burdukovo study site trench photo. Trench 1 is at the base of the paleo-depression, Trenches 2 and 4 are in a 

transitional zone, Trench 3 is on a plateau. The grey horizontal arrows on either side of the figure are indicating the top of soil #13, the 

thickest buried soil. Bottom: a highlight of a few most pronounced soils and their continuity.  

 

 

 



Methods  

Petromagnetic parameters   

We used 8 cm
3
 plastic non-magnetic boxes to host the sediments for petromagnetic  

measurements. Magnetic susceptibility was measured with a Bartington Instruments single- 

sample dual frequency sensor (0.43 and 4.3 kHz) in order to calculate frequency dependence (FD  

parameter in %). Anhysteric remanent magnetization (ARM) was induced in the samples with a  

2-G cryogenic magnetometer demagnetizer operating at a peak AF field of 0.1 T and a steady  

field of 0.1 mT and measured on the cryogenic magnetometer. The ARM was normalized to the  

steady field and expressed as χARM. Saturation isothermal remanent magnetization (SIRM) was  

induced in the samples by a 2-G IRM stand-along electromagnet using a field of 0.6 T. An  

induced back IRM (bIRM) was applied to the samples by subjecting them to a reversed field of  

0.3 T generated by the electromagnet. The magnetizations were measured on the cryogenic  

magnetometer.  

  

Petromagnetic parameters χlf, χARM and SIRM indicate primarily variations in magnetic mineral  

concentration (Thompson and Oldfield, 1986; Robinson, 1986; Yu and Oldfield, 1989; King and  

Channell, 1991; Evans and Heller, 2003). The parameter values rise when the concentration of  

magnetic material in the sediment increases. Both χARM and SIRM are magnetic grain-size  

dependent and increase in value with an increase in concentration of single domain magnetic  

grain sizes. χlf is also grain-size dependent, with higher values at both larger magnetic grain sizes  

(multidomain) and very fine magnetic grain sizes (superparamagnetic).   

  

The studied samples do not show a notable dependence of magnetic susceptibility on  

sedimentary grain size. MS values are determined by the concentration of low coercivity  

minerals (i.e., magnetite and maghemite). SIRM is also dependent on magnetic mineralogy, with  

minerals having a high magnetization (e.g., magnetite) contributing to a larger SIRM value.  

Unlike χARM and SIRM which measure magnetic remanences only, χ is measured in a weak  

magnetic field so that non-remanent (diamagnetic and paramagnetic) sediment components  

contribute to it. When remanence bearing minerals occur in low concentration, the diamagnetic  

and paramagnetic components can significantly influence χ.  

  



  

The interparametric ratios χARM/χ and χARM/SIRM indicate variations primarily in magnetic grain  

size. These ratios vary inversely with magnetic grain size (Thompson and Oldfield, 1986; King  

et al., 1982; Maher, 1988; Evans and Heller, 2003). Both ratios primarily reflect the presence of  

finer magnetic grain sizes (single domain) and can be used to assess the relative change in  

concentration of finer magnetic grain sizes (Blomendal et al., 1993).  

  

The interparametric ratio S reflects variations in the coercivity spectrum of the magnetic mineral  

assemblage and therefore in the mineralogy (Robinson, 1986; Thompson and Oldfield, 1986;  

King and Channel, 1991). S-ratio values vary from zero to one. The value of one corresponds to  

pure magnetite/maghemite and decreases with growing proportion of antiferromagnetic grains  

(hematite/goethite).   

  

In addition to the FD and the grain size analyses a high temperature magnetic susceptibility was  

performed on several samples using a Bartington MS2W system. The temperature of the samples  

was increased from room temperature to 700C and the magnetic susceptibility was measured  

every 2C. Once the samples had finished heating to 700C, they were allowed to cool to room  

temperature and the magnetic susceptibility was taken at 2C increments. At 380C all samples  

show a change in the rate of increasing magnetic susceptibility (MS) (Figure SM-3). The MS of  

all samples increase until the temperature reaches approximately 555C, and all show sharp  

decreases from 570C to 580C. The samples also show an increase in magnetic susceptibility at  

approximately 270C. Others have previously interpreted this anomaly as a thermally triggered  

change of metastable maghemite (-Fe2O3) to hematite (-Fe2O3) (Zhu et al, 2003). The anomaly  

observed in our samples is much smaller than is observed in other studies and indicates that any  

maghemite present likely occurs in only trace amounts.  After reaching minimum magnetic  

susceptibilities at approximately 590C, all samples started to steadily increase in magnetic  

susceptibility to our end temperature of 700C.  The increase in magnetic susceptibility after  

590C is likely due to the presence of hematite, either initial hematite or hematite produced by  

the reduction of maghemite at increased temperature.   

  

  



 

  

Figure SM-3. Magnetic susceptibility measurements of three samples from Trench 1 as temperature was  
increased from room temperature to 700C (red line) and cooled back to room temperature (blue line).  

  

Sedimentary grain size analysis  

Grain size analysis was performed in order to determine relative wind strengths during loess  

deposition. Testing of the grain size was performed using sieves and a Sedigraph 5100. Samples  

were first air dried and then crushed using a mortar and pestle and dry sieved through a 1 mm  

sieve. After dry sieving, a subsample between 5 and 10 g was then oven dried over night to  

remove all moisture from the sample. The sample was then weighed and a 5% sodium  

metaphosphate solution was added, to break down any post-depositional cementation, and  

allowed to sit for 8 hours. The sample was then wet sieved through 100 µm, 250 µm, and 500  

µm sieves. The material in the 100 µm to 250 µm, 250 µm to 500 µm, and 500 µm to 1mm  

ranges were then completely dried and weighed. The proportion of material that was less than  

100 µm was left in solution and allowed to evaporate down to approximately 40 ml to 50 ml of  

solution and sediment. The sediment solution mixture was then agitated and placed in the mixing  

chamber of the Sedigraph. The mixture was then mechanically loaded into the analysis cell and  

analysed with a beam of x-rays. The x-rays are shot through the clear window of the analysis cell  

and are diffracted by the particles as they settle. The diffraction of the x-rays are measured and  

used to determine the grain size diameter. For this analysis the grain size analysis was separated  

into diameter ranges of; less than 0.98 µm, 0.98 to 2 µm, 2 to 5 µm, 5 to 10 µm, 10 to 20 µm, 20  

to 50 µm, and from 50 to 100 µm. These grain sizes ranges were used as they are the standard  

grain sizes used in pedogenic studies (Pansu and Gautheyrou, 2006). We also measured the  

median grain size, which appeared to be a better parameter to demonstrate a dependency on  

relative wind strength for our study.  
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