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The excavations of the Upper Palaeolithic sites of Kostenki and Borshchevo, located in the Middle Russian
Plain, bear several meters of loess-derived colluvial deposits of the Middle and Late Valdai, which cover
alluvial sediments of the Don floodplain. At least four cultural layers and more than three paleosol units
occur within the colluvial deposits. A high number of krotovinas is most obvious, mainly the burrows of
Cricetus cricetus and Lagurus lagurus, which on first view seem only to disturb sediment and soil stra-
tigraphy. To disprove this assumption, the present paper investigates the significance of krotovina fillings
within soil research by applying micromorphological analysis. The study gives insight into different
filling materials, soil forming processes inside abandoned and filled burrow systems, and surrounding
material. In some cases, krotovina fillings in this part of the Middle Russian Plain can be areas of bulking
and compaction, of preferential paths of infiltration followed by calcium carbonate depletion, and of
drying followed by secondary calcification. Further, burrows are paths for second and third generations

of soil faunal activities.

© 2013 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Bioturbation by burrowing animals is common in the loess
landscapes of the Middle Russian Steppe. The ‘krotovinas’, the
result of burrowing activities, occur widely in soils of the steppe,
and are of different sizes and forms (Formosov, 1928; Gerasimov
and Glazovskaja, 1965). The effect of the burrowing animals on
soils has been known since the work of Darwin (1896), and espe-
cially burrowing activities of small mammals are important in the
genesis of the Holocene Chernozem, widespread in the Russian
steppe (Dokuchajev, 1883), or in the Great Plains (Schultz and Stout,
1945).

In the discussion about stratigraphy, such burrow fillings have
been seen so far only as features which disturb the sediment, and as
discontinuous sediment voids of little value. For this reason the
phenomenon of krotovina has rarely been studied within strati-
graphic research over the last decades, though such studies have
been valuable (Schultz, 1934; Gerasimov and Glazovskaja, 1965;
Hole, 1981; Johnson et al., 1987, 2005, 2007; Butler, 1995; Willey,
1997; Bateman et al, 2003; Tobin, 2004; Rutter et al., 2006;
Velichko, 2009). Burrowing activities have been studied in the
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context of palaeontological research about the distribution of
hamsters (Cricetus cricetus), steppe lemmings (Lagurus lagurus) and
ground squirrels (Spermophilus sp.) (Markova et al., 2002; Markova,
2005). Few researchers have taken small mammal activities into
consideration when pursuing archaeological research (Wood and
Johnson, 1978; Tappen et al., 2002; Prieto et al., 2009; Jin et al., 2012).

Ancient krotovinas were used to identify pedogenic processes
such as Chernozem formation in the Missouri Valley, lowa, USA
(Rutter et al., 2006), and in Kostenki, Middle Russian Steppe
(Pietsch, 2013). Velichko et al. (2009) took greyish-blue relics of Bg
horizons in krotovinas as remnants of former, already eroded soils
with distinct redoximorphic properties, as the stratigraphic
equivalent of the interstadial “Gmelin soil”. The main micromor-
phological features of this interstadial paleosol are bioturbation,
micritic hypocoatings (secondary calcification), primary carbon-
ates (Cretaceous marl) and depletion hypocoatings (in situ
decalcification).

Systematic study of stratigraphic ambiguities and filled burrows
in the position of paleosols I, Il and III (Sedov et al., 2010) occurring
in the Upper Palaeolithic sites Kostenki and Borshchevo in 2011 led
to the following results (Pietsch, 2013):

(1) Black krotovina fillings (eroded modern Chernozem top soil) as
well as humus-speckled fillings (with embedded humus from
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the eroded Early Holocene top soil) are formed by deep-
burrowing small mammals such as C. cricetus.

(2) Greyish krotovina fillings of shallow-burrowing small mam-
mals may represent eroded former surface soils of Interstadials
of the Late Pleistocene.

(3) Burrows provide optimal material for further soil biological
activities, seen in the activity of subsequent generations of
small mammals or invertebrates.

(4) The fillings of burrows link pedostratigraphy and soil biological
activities, especially those of C. cricetus around 12 ka cal BP and
those of L. lagurus around 32—26 ka cal BP.

The present contribution takes a deeper look into the pedogenic
processes inside the burrow fillings, the surrounding material and
the interface. Against the background of pedostratigraphical
research, it is shown that soil micromorphological analyses of
krotovina fillings give new insights into soil formation in the steppe
landscape.

2. Study area and pedostratigraphy

The two excavations Kostenki (K14) and Borshchevo (B5) are
located on the slopes of ravines, filled with reworked loess derived
deposits above alluvial sediments of the Don floodplain (Fig. 1). The
bedrock in the area consists of Cretaceous marl. At least four cultural
layers (Sinitsyn and Hoffecker, 2006; Anikovich et al., 2007; Holliday
et al., 2007) and between three and nine paleosols occur within the
colluvial deposits (Fig. 2; after Sedov et al., 2010 five paleosol units).

The paleosols developed during marine isotope stages 3 and 2
(MIS 2 and 3). The “Gmelinsk”-temporal soil (MIS 2, paleosol Ib,
coinciding with cultural layer [, 26—25 ka cal BP after Hoffecker
et al, 2008) is most important for the present study. It was
discovered to have been complete in the landscape (K21) and
found incomplete in K14, truncated without an Ag horizon
(Velichko et al., 2009; Sedov et al.,, 2010). The paleosol in its
complete form was only found at a location near section K21 in
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Fig. 1. Location of excavations in Kostenki and Borshchevo (after Sinitsyn, 2003).
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Fig. 2. Pedostratigraphy of the key section K14 (after Sedov et al., 2010, paleosol Ib is
the stratigraphic equivalent for the “Gmelinsk”-temporal soil) and palesols Ila and IIb
are equivalents of the “Bryansk”-temporal soil, UHB: Upper Humic Bed, LHB: Lower
Humic Bed; chronostratigraphy of cultural layers (after Sinitsyn and Hoffecker, 2006).

2008. There, it has an Ag and a Bcg horizon above a Bw horizon.
The Bw horizon shows whitish fissures, the result of repeated
freeze-thaw. In K14, however, only a brownish 3Bwk horizon is
preserved. The 2Bwk horizon is assumed as the origin of the
material (groundmass) in the humus-speckled krotovinas at more
than 2.0 m depth. Humus aggregates originate from the Holocene
Chernozem (Pietsch, 2013).

3. Materials and methods

To decipher the origin of materials inside the burrow, and the
kind of pedogenic processes such as bioturbation, decalcification
and secondary calcification, two krotovinas, their surrounding
material as well as overlying soils and loessic sediments were
selected: one krotovina from section K14, Krot 31 and one from
section B5, Krot 112 (Fig. 3). In total, 118 mixed burrow fillings of the
western and eastern trenches of K14 and of the southwestern
trench of B5 have been described using a newly developed classi-
fication system (Pietsch, 2013: Table 1).

Table 1

Soil chemical data from krotovinas, reworked loess derived sediments/surrounding
material, Chernozem and “Gmelinsk”-temporal soil (* and ** are mean values of all
data, cf. Pietsch, 2012: Table 2 and Fig. 5).

Sample no G CaC0s® Copgt AL03 Ca0? Nay0! K,0¢ CIA®

%

Krotovina filling

K14 Krot 31

B5 Krot 112

Mean Krotovina*
Surrounding material
K14 3Bwk

6.0 474 0.3 70 265 06 1.2 18
39 272 0.6 86 146 0.6 1.7 34
4.8 381 0.3 8.0 199 07 16 27

5.1 405 0.2 66 218 05 1.5 22
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Table 1 (continued )

Sample no C& CaC03® Corg® ALO3? Ca0? Na0! K,0¢ CIA®
%

K14 3Ck 61 477 03 65 268 05 13 19

K14 4Bg + Ck (Krot 31) 59 467 03 72 258 06 13 21

B5 Ck 53 467 00 69 232 06 14 22

B5 2Bwk 34275 01 83 147 06 15 33

B5 3Bwk (Krot 112) 3.3 25.6 0.2 89 146 0.7 1.7 34
Mean surrounding m.* 5.8 47.8 0.2 6.5 234 05 1.3 21
Other soil horizons

K14 Ah (Chernozem) 45 7.6 36 102 57 0.7 23 54
B5 ABg(h) (“Gmelin”) 1.9 15.0 1.7 122 16 0.8 25 71
K21 “Gmelin soil”

K21 Ag 1.8 15.1 00 -— - - — -
K21 Bg 1.5 129 00 -—

*Mean value of all samples (cf. Pietsch, 2013: Table 1).
Mean values are indicated in italics.

2 Total carbon, determined after heat combustion (1150 °C) with an element
analyser.

b Gasvolumetric determination of CaCO3 content (after Blume et al., 2000).

¢ Organic carbon, Corg = C-(CaC05*0.12).

4 Major elements, determined by XRF (H. Taubald, IAG Tiibingen).

€ Chemical Index of Alteration, CIA = Al,03/(Al,03+Ca0 + Na,O + K20)*100,
CaoO : silicate bound Ca (Nesbitt and Young, 1982) — not determined.

2000). A portion of each <2 mm sample was ground with a ball
mill and used to determine the total carbon content (C;) after heat
combustion (1150 °C) with an element analyser (Elementar Vario EL
II): Corg = Ct — Ccaco3. Major and trace elements were extracted
from finely-ground earth with a ratio of Li-Metaborate to soil of 1:5,
and then measured with a wavelength dispersive XRF-spectrometer
Bruker AXS S4 Pionier (H. Taubald, IAG Tiibingen). Pedogenic pro-
cesses including silicate weathering were deduced from the depth
function of weathering indices, such as the Chemical Index of
Alteration (CIA) = [Al,03/(Al;03 + CaO* + Nay0 + K;0)] x 100 (after
Nesbitt and Young, 1982), where CaO* is the amount of silicate-
bound CaO. Undisturbed, oriented samples for micromorpholog-
ical analysis were taken. After air-drying, the blocks were impreg-
nated with Oldopal P80-21 and cut and polished to 6.0 x 8.0 cm
slices. Soil thin section description at two fringes of krotovinas
followed Stoops (2003) with the aim of comparing pedogenesis
inside and outside the burrow filling.

Table 2
Comparison of pedogenic features based on micromorphological data (— not
occurring, x weakly developed, X well developed).

Pedogenic features Krotovina Fringe Surrounding
filling (interface) material
Horizon designation was carried out according to the FAO Secondary biotarbation N X N
Guidelines for Soil Description (FAO, 2006). Sixteen burrow fillings features by meso-fauna
and 23 bulk samples from the surrounding sediments and the Ho- Plant tissues X X -
locene Chernozem were analysed (calcium carbonate, organic car- Humus enrichment X X -
bon, major elements); the soil organic matter of two fillings have ilfl{af!tt{C ll’lse“d"”l‘?rphs X - ;
14 . | icritic hypocoating X X
been dated by "*C AMS (Pletsch. 2013. Table 2). I.n the laboratory, Passage features (infillings) " X X
bulk samples were air-dried and sieved <2 mm. Fine earth <2 mm Depletion hypocoating X _ _
was used for gas volumetric determination of CaCO3 (Blume et al.,
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Fig. 3. Left: Section K 14 in 2011. The krotovina filling (Krot 31) might result from erosion of interstadial grey soil, mixed with marl fragments during the burrow activities of steppe
lemmings (?) in the Late Pleistocene. The tooth of Lagurus lagurus comes from the UHB; right: Section B 5 in 2011. The humus-speckled krotovina filling (Krot 112) results from Early

Holocene Chernozem and brownish 2Bwk material.
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4. Results
4.1. Field data

Generally, the filling materials of the krotovinas contain (a) loess
derived sediments and (b) black humic Ah material or brownish
Bwk material. In some cases, fillings are enriched with macro-
scopically visible humus aggregates (Ah horizon material) or with
carbonate fragments (Cretaceous marl). A few burrow systems have
been used at least twice, as represented by two discrete fringes of
krotovinas (small mammals) or by secondary bioturbation features
seen at the interface between burrow and surrounding loess
derived material (invertebrates). Occasionally, greyish remnants of
assumed interstadial soils occur (Ag-Bcg material? of Krot 31, Fig. 3
left). Fine, distributed humic components in the black krotovinas
come from the Holocene Chernozem (Krot 112, Fig. 3 right).

Krot 112 in B5 is at 2.30 m depth. The burrow, presumably
starting in the Ap (ploughed, previously Ah horizon) passes
through 5 horizons to the 3Bwk horizon of paleosol Ib. This humus-
speckled krotovina has a brownish filling with aggregates of the
Holocene Chernozem on top of the profile. The brown colour may
originate in the 2Bwk material of paleosol la. Most obvious is the
humus-enriched and frayed fringe.

Krot 31 in K14 is at 2.70 m depth. The burrow, presumably
starting from the 3Bwk horizon at 1.80 m, which might have been
under- or overlain by a Bg horizon, passes through 4 horizons to the
4Bg + C horizon (stratigraphic equivalent of 5Ag, cf. Fig. 2). This
krotovina has an atypical greyish filling which clearly differs from
the surrounding material. The large number of fragments of
Cretaceous marl inside the filling originates from the 3Ck horizon
above, and do not occur in the 4Bg + C horizon.

4.2. Laboratory data

The CaCOs content inside the filling of Krot 112 is around 27%,
and is comparable to the material of the 2Bwk horizon. In contrast,
the Corg content of the filling is 0.6% higher than the Cor content of
the adjacent material, and does not correlate with the high Corg
content of the Ah horizon of the Chernozem (3.6%). Weathering
intensity inside and outside the burrow is similar (CIA 34).

The CaCO; content of Krot 31 and its surrounding material does
not differ significantly (47%), but is in contrast to the “Gmelinsk”-
temporal soil (12—15%). The Cor content of the filling is rather low
(0.3%) and similar to the surrounding and overlying materials.
Weathering intensity of the krotovina filling is lower (CIA 18) than
in the 4Bg + C horizon (CIA 21). For soil chemical data of all
investigated krotovina fillings and surrounding materials, refer to
Pietsch (2013: Table 1 and Fig. 5).

4.3. Soil micromorphology

4.3.1. Borshchevo 5 Krot 112

The thin section Krot 112 (5 x 8 cm) shows the transition zone
(fringe) of the filling and the surrounding material of the krotovina
(Fig. 4). The burrow filling consists of Chernozem aggregates up to a
2 c¢m, but most of the filling is made of brownish loess-derived
material. The characteristic microstructure of the filling is a chan-
nel to spongy, and partly compacted crumb microstructure.
Numerous passage features (predominantly crescent channel fill-
ings and loose crumby discontinuous infillings, Fig. 5) outside and
inside the krotovina indicate a high degree of reworking of the
krotovina filling and the surrounding material by soil meso-fauna.

Numerous larger humus-rich 50“. fragment§ (around 500 pm) Fig. 5. Passage features with loose crumby infillings. Plant cells in a
were most probably fragmented during the filling process and do channel. Note the higher porosity in the filling (left hand side) — one
not occur outside the burrow. Black humus-rich crescent infillings of polarizer, B5 Krot 112.
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channels outside the krotovina show redistribution of deposited
organic matter, leading to an enrichment of organic matter outside
the filling. These dark fillings were subject to bioturbation,
expressed by a brown channel infilling with small amounts of
organic material crossing a humus-rich infilling (Fig. 4). Brown to
reddish-brown tissue residues or plant cells can be found in some
channels (Fig. 5).

The lower boundary of the krotovina is wavy (Fig. 4). Lower
porosity, indicating compaction, is noticeable in the adjacent ma-
terial of the lower half of the krotovina (Fig. 5). Here, different
layers of humus-rich material form the lower side of the krotovina.
The characteristic micromorphological features of the surrounding
material are partly compacted granular microstructure, crystalline
b-fabric, and numerous passage features (predominantly crescent
infillings) and loose crumby infillings. Decalcification features were
not detected.

The only noticeable pedogenic process outside the krotovina is
secondary calcification in the form of well developed micritic
hypocoatings (Fig. 6). Weakly developed micritic hypocoatings
were found inside the filling (Fig. 7).

4.3.2. Kostenki 14 Krot 31

The thin section Krot 31 (5 x 8 cm) shows the transition zone of
the krotovina filling (right hand side) and the surrounding material
(Fig. 8). Numerous passage features (mostly N—S oriented crescent
infillings) are present. The characteristic micromorphological fea-
tures of the surrounding material are channel microstructure,
crystalline b-fabric, numerous passage features (predominantly
crescent infillings), and frequently occurring sparite in the
groundmass. Decalcification features were not detected. The outer
fringe of the krotovina can easily be recognized by a dense micritic
hypocoating (Fig. 9) on the groundmass of the surrounding
material.

The characteristic microstructure of the filling is channel to
spongy microstructure. Depletion hypocoatings (Fig. 10) around
channels in the filling are the result of preferential flow in macro-
pores with accompanying carbonate redistribution and partial
decalcification. Secondary calcification features including micritic
hypocoatings are weakly developed.

Light grey areas in plane polarized light (Fig. 11) occur in some
parts around peds in the krotovina filling. Fluorescence light reveals
that these light grey areas are passage features and infillings of
channels (Fig. 12).

Fig. 6. Well developed micritic hypocoatings — FL, 365 + 470 nm/multipass filter,
surrounding 3Bwk material of B5 Krot 112.

Fig. 7. Weakly developed micritic hypocoatings— FL, 365 + 470 nm/multipass filter, B5
Krot 112.

5. Discussion
5.1. Pedogenic processes inside and outside krotovinas

5.1.1. Bioturbation by fauna and roots

In contrast to the loess derived surrounding material, the
burrow fillings are characterized by strong meso-fauna activities
(passage features) and rooting (channel infillings with cell residues;

Fig. 8. Thin section (5 x 8 cm) of K14 Krot 31 (see Fig. 3 left). Light
grey areas are fragments of Cretaceous marl originating from the 3Ck
horizon. The thin section shows numerous passage features, mostly
N—S oriented crescent infillings.
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Fig. 9. Transition zone filling (upper left corner) and adjacent material. Micritic
hypocoating (white arrows) on adjacent material of the krotovina. Note the occurrence
of mammillated vughs and the higher porosity in the filling — cross polarized light, K14
Krot 31.

Kooistra and Pulleman, 2010), a prominent feature at the fringe
(Table 2). The environmental conditions and the soil material
within the krotovinas were ideal for soil biological activities. The
lower wavy boundary of the krotovina can be interpreted to result
from scratching of the burrowing animal during the initial con-
struction of the channel (Fig. 4). The bulk density inside the
abandoned and filled krotovina is often lower (Pietsch, 2013),
except from compaction along the fringe, seen in a lower porosity
due to burrowing activity. Tissue residues indicate rooting and
bulking inside the filling (Fig. 5).

In the same krotovina 112, layers of humus-rich material form
the lower side of the krotovina filling, which might be the result of
successive deposition of humus when the burrow was in use. The
Corg content of this filling is 0.6%, double the Corg contents of other
fillings and surrounding materials (Table 1). Meso-fauna (most
probably invertebrates) make secondary use of the filled burrows
and transport organic material across the krotovina fringe into the
loessic deposits (Fig. 4). Whether or not further burrow activities
date to the Early Holocene period of Chernozem formation or to

Fig. 11. Channel fillings (greyish areas) — plane polarized light, K14 Krot 31.

modern times still remains unresolved (e.g. Ivanov, 1992). However,
the origin of numerous larger humus-rich soil fragments (around
500 um) in mottled krotovina fillings (cf. Krot 112, Fig. 3 right) is
clear: they represent fragmented and eroded aggregates of the Ah
horizon of the Chernozem (Fig. 4) as result of the filling process
after the abandonment of the burrow. Those aggregates do not
occur outside the krotovina filling.

5.1.2. Depletion of calcium carbonates

Weakly developed features of decalcification (depletion hypo-
coatings) could be detected inside the filling of Krot 31 (K14), the
result of calcium carbonate redistribution within the krotovina
(Fig. 10). Depletion hypocoatings around channels inside the filling
are the result of preferential flow in macropores with accompa-
nying carbonate redistribution and partial decalcification (Pietsch
and Kiihn, 2009; Durand et al., 2010). Although this process
seemed to be weak, it cannot be demonstrated by pedochemical
laboratory data: the CaCOs content of this filling is as high as the
surrounding material and the assumed original material (Table 1).
As humus aggregates, decalcification features could not be detected
in the surrounding material.

Fig. 10. Depletion hypocoatings (right arrows) around channel and micritic hypo-
coatings (left arrows) — cross polarized light, K14 Krot 31.

Fig. 12. Channel fillings (whitish areas) consist of calcium carbonate — FL, 365 + 470
nm/multipass filter, K14 Krot 31.
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5.1.3. Secondary calcification and primary carbonates

The only noticeable pedogenic process outside the krotovina,
inside the 2Bwk horizon (B5), is secondary calcification in form of
well developed micritic hypocoatings (Fig. 6). Weakly developed
micritic hypocoatings were found inside the fillings of Krot 112 and
31 (Figs. 7 and 10). The outer fringe of Krot 31 can easily be recog-
nized by a dense micritic hypocoating on the groundmass of the
surrounding material (Fig. 9). Micritic hypocoatings are the result of
alternating wet and dry phases with carbonate precipitation before
(distinct boundary) and most probably also after the burrows were
filled. Micritic hypocoatings occur usually directly below decalcified
horizons, or below horizons in which decalcification processes took
place (e.g. Dultz and Kiihn, 2005: Table 2; Gerasimova et al., 1996).
Here, however, a linear occurrence of decalcification and recalci-
fiaction processes along the krotovinas seems to be very likely.
Features related to rhizoliths (cf. Durand et al., 2010; Gocke et al.,
2011) were not detected. That filled burrows are preferential
paths of infiltration cannot be shown from the present results on
secondary calcification, but can be inferred from the prevalent
spongy to channel microstructure, which implies a higher porosity
compared to the surrounding material (Figs. 1 and 5).

Passage features and infillings of channels are common within
the filling of krotovina 112 (Fig. 12). These passage features are the
result of bioturbation after the krotovina was filled. Such features
could not be detected in the surrounding material. Sparite
frequently occurs in the groundmass of krotovina 31, assumed to be
the result of bioturbation, fragmenting sparitic pseudomorphs after
root cells and biogenic calcite (Durand et al., 2010). Pseudomorphs
after root cells are characteristic for horizons with higher carbonate
content and features of secondary calcification (Gerasimova et al.,
1996). Primary carbonates come from the calcareous loess-
derived material (Ck horizons, Table 1 and Pietsch, 2013: Fig. 6)
and from etched coarse fragments of Cretaceous marl (Fig. 8).

5.2. Stratigraphic ambiguities — paleosol relics

5.2.1. Humus-speckled krotovina fillings (Early Holocene)

Krotovina fillings with embedded humus from the eroded Early
Holocene top soil (Fig. 3 right, Krot 112) are from deep-burrowing
small mammals, such as C. cricetus, which can burrow through
sediments of 3 m thickness. The Krot 112 in B5 is at 2.30 m and the
burrow passes through 5 horizons. Dating of soil organic carbon
supports the idea of the embedment of Early Holocene Chernozem
material (10 ka cal BC; Pietsch, 2013) into Late Pleistocene sedi-
ments (3Bwk material). The Co¢ content of the filling is 0.6% higher
than the Corg in the surrounding 3Bwk material and other materials
above, and is also higher than the brownish groundmass of the
filling originating from the 2Bwk horizon/paleosol Ia (Table 1). It
does not correlate with the high Cory content of the Ah horizon of
the Chernozem (3.6%) because of mixing with calcareous reworked
loess. The CaCO3 content inside the filling of Krot 112 is around 27%,
and does not differ much from the original material of the 2Bwk
horizon/paleosol Ia.

5.2.2. Greyish krotovina fillings

It was proposed that greyish krotovina fillings are the results of
shallow-burrowing small mammal activities, and that they might
represent eroded surface soils of the Late Pleistocene. As the
paleosol Ib (“Gmelinsk”-temporal soil) is known from the area
around the excavations and from previous sections (Velichko et al.,
2009; Sedov et al., 2010), relics of this paleosol, i.e. reworked Ag or
Bcg horizons, were expected to occur in the burrows. Low CaCOs3
contents (12—15%) and a Corg content of zero differentiate this
paleosol from other soils in Kostenki and Borshchevo (Pietsch,
2013). The grey colour cannot be correlated with any under- or

overlying loessic deposits or paleosol (Haesaerts et al., 2004;
Holliday et al., 2007; Velichko et al., 2009; Sedov et al., 2010).
Shallow-burrowing small mammals such as L. lagurus normally
burrow through 0.5—0.9 m of sediment. In the present case, bur-
rowing might have started at a surface where an Ag-Bcg horizon
might have been present above the 3Bwk horizon. The burrow,
presumably starting at 1.80 m, crosses 4 horizons down to the
4Bg + C horizon (stratigraphic equivalent of 5Ag, Fig. 2). The fis-
sures of the original soil (K21, Pietsch, 2013: Fig. 2) resulting from
freeze-thaw processes were destroyed during the relocation of the
soil material into the burrow, and therefore cannot be considered
relics of paleosol Ib. On the other hand, an indication could be the
high amount of Cretaceous marl fragments in the filling (Fig. 3 left
and Fig. 8), which clearly originate from the 3Ck horizon above and
which do not occur in the 4Bg + C horizon.

One main challenge in solving stratigraphic questions related to
Late Pleistocene loess-paleosol sequences is the estimation of
erosion rates or the identification of erosional phases or hiatuses
(e.g. Kreutzer et al., 2012). The original thickness of the loess-
derived colluvial deposits cannot be reconstructed yet, which
complicates the interpretation of the origin of the greyish and some
other krotovina fillings. At the current stage of research, it may be
proposed that greyish fillings represent eroded Ag—Bg horizons of
the Valdai period. This preliminary result will be tested in further
investigations.

6. Conclusion

This study demonstrates that filled burrows of small mammals
provide a valuable archive of pedogenic processes inside and
outside krotovinas which, in the present case, originate from the
Late Valdai to the very beginning of the Early Holocene. Pedogenic
features are secondary bioturbation by mesofauna, humus enrich-
ment, formation of sparitic pseudomorphs, micritic hypocoating
(secondary calcification), enrichment with primary carbonates
(Cretaceous marl) and depletion hypocoating (in situ decalcifica-
tion). Which of the soil forming processes, especially along pref-
erential paths, proceeded after 10 ka (Fig. 3) until today is not clear.
Field observations, laboratory data and micromorphology provide
evidence that description and analysis of krotovina fillings helps:

(i) to compare pedogenic processes occurring in the fillings and
in the surrounding materials and to get information about the
source of the filling material,

(ii) to define pedogenic features such as secondary calcification in
the surrounding materials and depletion of calcium carbon-
ates inside krotovinas, and bioturbation at krotovina fringes

(iii) to refine pedostratigraphy, in the present case to prove the
relic occurrence of the Early Holocene Chernozem and the
“Gmelinsk”-temporal soil in this two investigated archaeo-
logical sections.

Laboratory data and micromorphological data on secondary
bioturbation (invertebrates), calcification and humus enrichment
help to distinguish pedogenic processes inside and outside kroto-
vinas. Macroscopically visible features such as colour (humus-
speckled, greyish), shape, stratigraphic position of the krotovina
filling (deeply burrowing or shallowly burrowing animals) as well
as supporting palaeontological data (e.g. fossils of burrowing small
mammals indicating the occurrence of L. lagurus between 32 and
26 ka) can help to clarify stratigraphic ambiguities.

The krotovina approach will be extended by further field and
laboratory investigations in the Upper Palaeolithic excavations of
Kostenki and Borshchevo. Further soil chemical analysis,
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micromorphology, analysis of small-mammal fossils and phytolith
analysis will be continued in the future.

Acknowledgements

The author thanks the German Research Foundation (DFG PI
452/4-1) for supporting this study. For helpful discussions about
pedostratigraphy we are deeply indebted to Sergey Sedov (UNAM
Mexico). Finally, we would like to thank one unknown reviewer and
Birgit Terhorst (University of Wiirzburg) for helpful comments.

References

Anikovich, M.V,, Sinitsyn, A.A., Hoffecker, ].F, Holliday, V.T. Popov, V.V,
Lisitsyn, S.N., Forman, S.L., Levkovskaya, G.M., Pospelova, G.A., Kuz'mina, LE.,
Burova, N.D., Goldberg, P., Macphail, R.I, Giaccio, B., Praslov, N.D., 2007. Early
Upper Paleolithic in Eastern Europe and implications for the dispersal of
modern humans. Science 315, 223-226.

Bateman, M.D., Frederick, C.D., Jaiswal, M.K,, Singhvi, A.K., 2003. Investigations into
the potential effects of pedoturbation on luminescence dating. Quaternary
Science Reviews 22, 1169—1176.

Blume, H.P,, Deller, B., Leschber, R.A., 2000. Handbuch der Bodenuntersuchungen.
Terminologie, Verfahrensvorschriften und Datenbldtter. In: Paetz, S., Schmidst, S.,
Wilke, B.M. (Eds.), Physikalische, chemische, biologische Untersuchungsverfah-
ren. Gesetzliches Regelwerk — Grundwerk. Wiley- VCH- Beuth, Berlin.

Butler, D.R., 1995. Zoogeomorphology: Animals as Geomorphic Agents. Cambridge
University Press, Cambridge, p. 231.

Darwin, Ch, 1896. The Formation of Vegetable Mould through the Action of Wormes,
with Observations on Their Habits. Appleton, New York, N.Y, p. 326.

Dokuchajev, V.V., 1883. Russkij Cernozem. Imperial University of St. Petersburgh, St.
Petersburg.

Dultz, S., Kiihn, P., 2005. Occurrence, formation, and micromorphology of gypsum in
soils from the Central-German Chernozem region. Geoderma 129, 230—250.

Durand, N., Monger, H.C, Canti, M.G., 2010. Calcium carbonate features. In:
Stoops, G., Marcelino, V., Mees, F. (Eds.), Micromorphological Features of Soils
and Regoliths. Their Relevance for Pedogenic Studies and Classifications.
Elsevier, Amsterdam, pp. 149—194.

FAO — Food and Agriculture Organization of the United Nations, 2006. Guidelines
for Soil Description. (Rome).

Formosov, A.M., 1928. Mammalia in the steppe Biocenose. Ecology 9 (4), 449—460.

Gerasimov, L.P,, Glazovskaya, M.A., 1965. Fundamentals of Pedology and the Geog-
raphy of Soils. Gesud. Izdat. Geog. Lit., Moscow (1960). Israel program for Sci-
entific Translation, Jerusalem, p. 382.

Gerasimova, M.I, Gubin, S.V., Shoba, S.A., 1996. Soils of Russia and Adjacent
Countries: Geography and Micromorphology. Moscow-Wageningen, p. 204.
Gocke, M., Pustovoytov, K., Kiihn, P., Wiesenberg, G.L.B., Loscher, M., Kuzyakov, Y.,
2011. Carbonate rhizoliths in loess and their implications for paleoenvir-
onmental reconstruction — revealed by isotopic composition: '3C, C. Chem-

ical Geology 283, 251—260.

Haesaerts, P., Damblon, F, Sinitsyn, A., van der Plicht, ]., 2004. Kostenki 14 (Vor-
onezh, central Russia): new data on stratigraphy and radiocarbon chronology.
In: Acts of the XIVth UISPP Congress, University of Liege, Belgium, 2—8
September 2001. British Archaeological Research International Series, vol. 1240,
pp. 169—180.

Hoffecker, J.F., Holliday, V.T. Anikovich, M.V., Sinitsyn, A.A., Popov, V.V,
Lisitsyn, S.N., Levkovskaya, G.M., Pospelova, G.A., Forman, S.L., Giaccio, B., 2008.
From the Bay of Naples to the River Don: the Campanian Ignimbrite eruption
and the Middle to Upper Paleolithic transition in Eastern Europe source. Journal
of Human Evolution 55 (5), 858—870.

Hole, ED., 1981. Effects of animal on soil. Geoderma 25, 75—112.

Holliday, V.T., Hoffecker, J.F.,, Goldberg, P., Macphail, R.I, Forman, S.L., Anikovich, M.,
Sinitsyn, A., 2007. Geoarchaeology of the Kostenki—Borshchevo sites, Don river
valley, Russia. Geoarchaeology 22, 181—228.

Ivanov, L.V., 1992. Soil Evolution of the Steppe Zone in Holocene. Nauka, Moscow,
p. 143 (in Russian).

Jin, J.J.H., Jablonski, N.G., Flynn, LJ., Chaplin, G., Xueping, ]J., Zhicai, L., Xiaoxue, S.,
Guihua, L., 2012. Micromammals from an early Holocene archaeological site in

southwest China: paleoenvironmental and taphonomic perspectives. Quater-
nary International 281, 58—65.

Johnson, D.L., Watson-Stegner, D., Johnson, D.N., Schaetzl, RJ., 1987. Proisotropic
and proanisotropic processes of pedoturbation. Soil Science 143 (4), 278—
292.

Johnson, D.L., Domier, ].E.]., Johnson, D.N., 2005. Reflections on the nature of soil and
its biomantle. Annals of the Association of American Geographers 95 (1), 11-31.

Johnson, W.C,, Willey, K.L,, Mason, J.A.,, May, D.W., 2007. Stratigraphy and envi-
ronmental reconstruction at the middle Wisconsinan Gilman Canyon formation
type locality, Buzzard’s Roost, southwestern Nebraska, USA. Quaternary
Research 67, 474—486.

Kooistra, M.J., Pulleman, M.M., 2010. Features related to faunal activity. In:
Stoops, G., Marcelino, V., Mees, F. (Eds.), Micromorphological Features of Soils
and Regoliths. Their Relevance for Pedogenic Studies and Classifications.
Elsevier, pp. 397—418.

Kreutzer, S., Fuchs, M., Meszner, S., Faust, D., 2012. OSL chronostratigraphy of a
loess-palaeosol sequence in Saxony/Germany using quartz of different grain
sizes. Quaternary Geochronology 10, 102—109.

Markova, A.K., 2005. Eastern European rodent (Rodentia, mammalis) faunas
from the Early-Middle Pleistocene transition. Quaternary International 131,
71-77.

Markova, A., Simakova, A.N., Puzachenko, A.Y., Kitaev, L.M., 2002. Environments of
the Russian Plain during the Middle Valdai Briansk Interstade (33,000—24,000 yr
B.P.) Indicated by fossil mammals and plants. Quaternary Research 57, 391—400.

Nesbitt, HW., Young, G.M., 1982. Early Proterozoic climates and plate motions
inferred from major chemistry of lutites. Nature 299, 715—717.

Pietsch, D., 2013. Krotovinas — soil archives of steppe landscape history. Catena 104,
257-264.

Pietsch, D., Kiihn, P, 2009. Soil developmental stages of layered Cambisols and
Calcisols on Socotra Island, Yemen. Soil Science 174, 292—302.

Prieto, J., Bhme, M., Maurer, H., Heissig, K., Abdul Aziz, H., 2009. Biostratigraphy
and sedimentology of the fluviatile untere Serie (Early and Middle Miocene) in
the central part of the North Alpine Foreland basin: implications for paleo-
environment and climate. International Journal of Earth Science 98, 1767—1791.

Rutter, N.W., Velichko, A.A., Dlussky, K.G., Morozova, T.D., Little, E.C., Nechaev, V.P.,
Evans, M.E., 2006. New insights on the loess/paleosol Quaternary stratigraphy
from key sections in the U.S. Midwest. Catena 67, 15—34.

Schultz, CB., 1934. The Pleistocene mammals of Nebraska. In: Lugn, AL,
Schultz, C.B. (Eds.), The Geology and Mammalian Fauna of the Pleistocene of
Nebraska. University of Nebraska State Museum, pp. 357—393. Bulletin 41 (1).

Schultz, C.B., Stout, T.M., 1945. Pleistocene loess deposits of Nebraska. American
Journal of Science 243, 231-244.

Sedov, S.N., Khokhlova, O.S., Sinitsyn, A.A., Korkka, M.A., Rusakov, A.V., Ortega, B.,
Solleiroa, E., Rozanova, M.S., Kuznetsova, A.M., Kazdymh, A.A., 2010. Late
Pleistocene paleosol sequences as an instrument for the local paleographic
reconstruction of the Kostenki 14 key section (Woronesh Oblast) as an example.
Eurasian Soil Science 43, 876—892.

Sinitsyn, A.A., 2003. A Palaeolithic “Pompeii” at Kostienki, Russia. Antiquity 77,
9-14.

Sinitsyn, A.A., Hoffecker, ].F., 2006. Radiocarbon dating and chronology of the
Early Upper Paleolithic at Kostenki. Quaternary International 152—153, 164—
174.

Stoops, G., 2003. Guidelines for Analysis and Description of Soil and Regolith
Studies. Soil Science Society of America, Madison, WI, p. 184.

Tappen, M., Adler, D.S., Ferring, CR., Gabunia, M., Vekua, A., Swisher III, C.C., 2002.
Akhalkalaki: the taphonomy of an Early Pleistocene locality in the republic of
Georgia. Journal of Archaeological Science 29, 1367—1391.

Tobin, RJ., 2004. Ichnology of a Late Pleistocene Ichnofabric, Nebraska, USA.
Palaeogeography, Palaeoclimatology, Palaeoecology 215, 111—123.

Velichko, A.A., Morozova, T.D., Panin, P.G., 2007. Polygenetic soil complexes as
systematic phenomena of Pleistocene macrocycles. Izvestiya Rossia Akademii
Nauk, Seriya Geografia 2, 113—123.

Velichko, A.A., Pisareval, V.V, Sedov, S.N., Sinitsyn, A.A., Timireval, S.N., 2009.
Palaeogeography of Kostenki 14 (Markina Gora). Archaeology, Ethnology, and
Anthropology of Eurasia 37 (4), 35—50.

Willey, K.L.,, 1997. Environmental and Pedogenic Change in the Central Great Plains
from the Middle Wisconsinan to the Present. University of Kansas. Dissertation.
http://gradworks.umi.com/33/69/3369628.html.

Wood, W.R,, Johnson, D.L., 1978. A survey of disturbance processes in archaeological
site formation. In: Schiffer, M.B. (Ed.), Advances in Archaeological Method and
Theory, vol. 1. Academic Press, New York, pp. 315—381.

Please cite this article in press as: Pietsch, D., et al., Krotovinas, pedogenic processes and stratigraphic ambiguities of the Upper Palaeolithic sites
Kostenki and Borshchevo (Russia), Quaternary International (2013), http://dx.doi.org/10.1016/j.quaint.2013.05.036



http://refhub.elsevier.com/S1040-6182(13)00299-1/sref1
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref1
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref1
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref1
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref1
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref1
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref42
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref42
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref42
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref42
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref2
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref2
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref2
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref2
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref2
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref3
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref3
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref4
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref4
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref5
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref5
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref6
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref6
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref6
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref7
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref7
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref7
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref7
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref7
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref8
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref8
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref8
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref9
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref9
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref10
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref10
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref10
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref11
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref11
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref12
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref13
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref13
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref13
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref13
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref13
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref13
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref13
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref14
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref14
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref14
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref14
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref14
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref14
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref43
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref43
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref15
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref15
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref15
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref15
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref15
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref16
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref16
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref17
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref17
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref17
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref17
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref17
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref18
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref18
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref18
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref19
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref19
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref19
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref20
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref20
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref20
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref20
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref20
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref21
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref21
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref21
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref21
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref21
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref22
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref22
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref22
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref22
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref23
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref23
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref23
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref23
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref24
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref24
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref24
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref24
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref24
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref25
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref25
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref25
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref26
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref26
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref26
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref26
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref27
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref27
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref27
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref28
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref28
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref28
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref28
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref28
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref29
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref29
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref29
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref29
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref30
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref30
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref30
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref30
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref31
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref31
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref31
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref32
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref32
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref32
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref32
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref32
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref32
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref33
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref33
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref33
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref34
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref34
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref34
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref34
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref35
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref35
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref36
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref36
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref36
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref36
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref37
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref37
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref37
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref38
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref38
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref38
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref38
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref39
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref39
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref39
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref39
http://gradworks.umi.com/33/69/3369628.html
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref41
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref41
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref41
http://refhub.elsevier.com/S1040-6182(13)00299-1/sref41

	Krotovinas, pedogenic processes and stratigraphic ambiguities of the Upper Palaeolithic sites Kostenki and Borshchevo (Russia)
	1 Introduction
	2 Study area and pedostratigraphy
	3 Materials and methods
	4 Results
	4.1 Field data
	4.2 Laboratory data
	4.3 Soil micromorphology
	4.3.1 Borshchevo 5 Krot 112
	4.3.2 Kostenki 14 Krot 31


	5 Discussion
	5.1 Pedogenic processes inside and outside krotovinas
	5.1.1 Bioturbation by fauna and roots
	5.1.2 Depletion of calcium carbonates
	5.1.3 Secondary calcification and primary carbonates

	5.2 Stratigraphic ambiguities – paleosol relics
	5.2.1 Humus-speckled krotovina fillings (Early Holocene)
	5.2.2 Greyish krotovina fillings


	6 Conclusion
	Acknowledgements
	References


