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ABSTRACT: Late Marine Isotope Stage (MIS) 3 and MIS 2 loess—palaeosol sequences in Western Europe comprise
alternating loess layer and 3- to 30-cm-thick bleached soil horizons with Fe-Mn oxide precipitations, which are
usually interpreted as waterlogged active layers and referred to as ‘tundra gleys’. Active layer thickness data derived
from a regional climate model simulation and the fossils (shells, earthworm granules) found in ‘tundra gleys’ argue
against such an assumption. Most of these horizons better correspond to Fe-depleted, slightly humic topsoil horizons
or subsurface eluvial horizons and should be referred to as (incipient) Ag or Eg horizons. They formed during climate
ameliorations associated with vegetation (cryptogams, herbs) development, possibly limited by long-lasting snow
cover. Strong mixing usually occurred in these horizons due to the activity of anecic earthworms and frost activity.
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Introduction

In recent decades, much effort has been devoted to recon-
structing the extent of Last Glacial Maximum (LGM) permafrost
in Europe using field evidence and palaeoclimate simulations
(e.g. Levavasseur et al., 2011; Vandenberghe et al., 2014; Kitover
et al., 2016; Andrieux et al., 2016; Stadelmaier et al., 2021;
Bertran, 2022). While our knowledge of LGM environments has
increased substantially as a result of these studies, little attempt has
been made to re-evaluate the significance of permafrost-related
features in loess—palaeosol sequences (LPS), which are the main
source of palaeoenvironmental information on the continent for
the Last Glacial. Of particular interest are the bleached horizons
often referred to as ‘tundra gleys’, which were assumed to
correspond to waterlogged active layers. Here we try to
demonstrate that such an assumption cannot be accepted in most
cases based on a series of arguments, mainly data on active layer
thickness (ALT) and fossils (shells, earthworm granules) usually
found in the palaeosols. As the criteria for assessing ALTs from field
data are not straightforward, estimates of ALTs were derived here
from a regional climate model simulation that was used for LGM
permafrost reconstruction by Stadelmaier et al. (2021). The
implications of the new interpretation proposed of ‘tundra gleys’
are then discussed.

Methods

We use a regional climate model simulation conducted with
the Weather Research and Forecasting model (WRF Version
4.1.2; Skamarock et al., 2019), and driven by the global MPI-
ESM-P simulation for the LGM (Jungclaus et al., 2013; Stevens
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et al., 2013). The details of the model set-up are described in
Stadelmaier et al. (2021) as well as the assessment of the mean
climate in both global driving and regional simulations. Thirty-
two years were dynamically downscaled to a horizontal
resolution of 50 km (domain 1) and 12.5 km (domain 2). The
first 2 years are excluded from further analysis to ensure a
sufficient spin-up time of the model simulation. Land surface
and soil characteristics are parametrized with the unified Noah
land surface model (Tewari et al., 2004) covering four discrete
soil layers with representative depths of 0.05, 0.25, 0.7 and
1.5 m, respectively. In total, a soil column of up to 2 m depth is
considered.

The simulated permafrost distribution is derived based on
the surface frost index (SFI; Nelson and Outcalt, 1987). This
index takes annual freezing and thawing degree-days (DDF
and DDT, respectively) into account, which are the sum of
daily temperatures below or above 0 °C respectively. Whereas
Stadelmaier et al. (2021) used the third model layer with a
representative depth of 0.7 m to ensure comparability between
the global and regional simulations, we here derive the
permafrost distribution based on the lowermost soil layer at
1.5m. As in Stadelmaier et al. (2021), the reconstructed
permafrost extent is compared with the distribution of ice-
wedge pseudomorphs proposed by Isarin et al. (1998) for
northern Europe and Andrieux et al. (2016) for France.

In the permafrost areas thereby identified, we deduce the
ALTs with a method after Koven et al. (2013). Vertical soil
profiles of mean monthly temperatures are generated via linear
regressions and with a low weight of the uppermost soil
temperature for each model grid cell. The intersection with
0°C marks the thaw depth for the given month. Considering
only thaw depths between 0 and 3 m, the annual ALTs are
found as the maximum thaw depths for a given year and are
then averaged over 30 years.
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Tundra gleys

In many LPS from Western Europe, the Late Marine Isotope
Stage (MIS) 3 and MIS 2 deposits comprise alternating loess
layers and bleached soil horizons usually 3-30 cm thick with
Fe-Mn oxide precipitates, which are interpreted as ‘tundra
gleys’ or ‘micro-tundra gleys’ depending on their thickness.
This type of horizon was first identified in Belgium and
Germany (e.g. Gullentops, 1954, 1981; Rohdenburg and
Meyer, 1966). Similar horizons were later found in many
European LPS (e.g. Vandenberghe et al., 1998; Vandenberghe
and Nugteren, 2001; Antoine et al., 2009; Kadereit et al., 2013;
Terhorst et al., 2015; Fischer et al., 2020; Schmidt et al., 2021;
Moine et al., 2021) and referred to as ‘tundra gleys’ by
comparison with modern High-Arctic soils (e.g. Tedrow,
1966, 1968; to our knowledge this term was first used by
Haesaert and Van Vliet-Lanog, 1981), ‘Gelic Gleysols’
according to the FAO (1974) soil classification or ‘Cryosol’
according to World Reference Base for Soil Resources (IUSS
Working Group WRB, 2015). These horizons are usually
typified by (i) a greyish colour ranging from pale to dark grey,
the latter testifying to slight staining by organic matter, (ii) often
a finer-grained texture than the underlying loess material, (iii)
slight to complete decalcification, (iv) small Fe-Mn oxide
nodules scattered throughout the horizon — Fe oxide-stained
fringes around small root channels can be seen in the lower
part or below the horizon, and (v) sometimes clear evidence of
soil churning due to cryoturbation or solifluction (on slopes)
(Fig. 1). Significant variability is obvious. Some bleached
horizons appear in isolation in the loess sequence (Fig. 1B),
while others overlay a weakly developed brown Bw-like
horizon (Fig. 1A) or a cryoturbated C or Cg horizon (Fig. 1C,
D). A thin slightly organic grey brown horizon is sometimes

visible at the top (Fig. 1A). The idea that all these bleached
horizons formed in connection with impeded drainage above
permafrost is widely shared among loess scientists. In
particular, their occurrence in porous sediments (loess) and
in topographic locations (i.e. upslope) a priori unfavourable to
waterlogging was considered a decisive argument (e.g.
Gullentops, 1981; Terhorst et al., 2015).

Recently, detailed analysis of the assemblages of molluscan
shells associated with ‘tundra gleys’ has provided evidence for
temperature improvement during their formation (Moine
et al., 2008, 2021). Radiocarbon dating of shells and calcitic
earthworm granules also convincingly places their develop-
ment within interstadials (Vandenberghe and Nugteren, 2001;
Moine et al., 2017, 2021; Fischer et al., 2020). However, the
assumption that they correspond to waterlogged active layers
has not been reconsidered.

LGM active layer thickness (ALT)

Assessment of ALTs, i.e. the thickness of the supra-permafrost
layer that freezes in winter and thaws in summer, remains
difficult to achieve from field data. According to Haesaerts and
Van Vliet-Lanoé (1981), rapid vertical change in the micro-
structure created by segregation ice may help delineate the
permafrost table, as sustained growth of ice lenses in the upper
permafrost layer leads to strong soil compaction. However, the
formation of an ice-rich transitional layer above the permafrost
(Shur et al., 2005; French and Shur, 2010) due to fluctuations
in thawing depth on a decadal to centennial scale, and
permafrost aggradation because of subsequent loess accumu-
lation largely contribute to blurring the boundary. Periglacial
involutions (cryoturbation), which develop in the active layer

Figure 1. Views of ‘tundra gleys’ in loess sections. A, B, C — Kesselt (Belgium), D — Achenheim-Hischberg (France). In A, the bleached, dotted
horizon overlies a thin brown Bw-like horizon. We can also distinguish an undulating, discontinuous grey brown (slightly organic) horizon a few
millimetres thick at the top of the palaeosol (white arrow). Photo B illustrates the most common facies of ‘tundra gleys’, with a simple light grey
horizon. The rule is 10 cm long. Photo C shows a bleached horizon overlying cryoturbated loess lacking clear evidence of gleying. The trowel is
23 cm long. In photo D, a bleached horizon overlies a thick gleyed cryoturbated horizon. The scale is 1 m long (photo P. Wuscher) [Color figure can

be viewed at wileyonlinelibrary.com]
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in connection with freeze-thaw processes, may also provide
some information on ALTs (e.g. Uxa et al., 2021). In France,
Bertran et al. (2017) showed that the depth of involution
between 48° and 50°N (i.e. the latitude where ice-wedge
pseudomorphs testify to the existence of permafrost) reaches
up to 2m and locally up to 2.5m in coarse-grained alluvial
deposits. Whether such a depth accurately reflects the ALT
remains uncertain, however, as the involutions may have
formed during permafrost degradation and active layer
thickening (e.g. Murton et al., 1995). Cryoturbation may also
occur in areas affected by deep seasonal frost (i.e. without
permafrost).

Therefore, palaeoclimate modelling is probably the best way
to evaluate LGM ALTs in Europe. The outputs of the simulation
(Fig. 2) allow us to draw the following conclusions:

(1) ALTs in the Northern European Loess Belt in France,
Belgium and Germany were on average close to 2 m, and
up to 3m in some areas. Such values are consistent with
those measured today in mineral soils in European high-
altitude permafrost areas (Harris et al., 2009; Rodder and
Kneisel, 2012).

In contrast to Stadelmaier et al. (2021), who considered
only the —0.7 m ground level and failed to reconstruct
permafrost where ALT was greater, the extent of permafrost
based on the lowermost soil layer of the model with a
representative depth of 1.5 m is in good agreement with the
distribution of ice-wedge pseudomorphs documented by
Isarin et al. (1998) and Andrieux et al. (2016).

S

Discussion
The genesis of ‘tundra gleys’

Many arguments lead to the conclusion that most of the
‘tundra gleys’ cannot be waterlogged active layers. These are
as follows:

(1) The bleached horizons have a low (3-30cm) thickness,
much less than expected for an active layer in mid-latitudes
because of higher insolation than in modern Arctic regions.

Accordingly, the regional WRF simulation shows that ALTs
ranged between 2 and 3 m during the LGM in the Northern
European Loess Belt where the ‘tundra gleys’ have been
described. Episodes slightly colder than the LGM occurred
between ca. 31 and 24 ka (referred to as the Last Permafrost
Maximum; Vandenberghe et al., 2014; Bertran et al., 2014)
and may have led to permafrost aggradation. However,
ALTs lower than 0.5 m (and a fortiori lower than 0.3 m) are
not realistic, as they would imply significant southward
permafrost extension, which is contradictory to field
evidence. Currently, ALTs lower than 0.5m in mineral
soils are only documented in the continuous permafrost
area of the High Arctic and Antarctica. In the well-studied
Mackenzie valley area (NWT, Canada, mean annual air
temperature ca. —10 °C), the mean ALT in mineral soils, i.e.
with a peat cover less than 15 cm, ranges between 55 and
108 cm (Smith et al., 2009).

(2) The presence of earthworms producing calcite granules,
which are currently absent in permafrost areas, and the
molluscan assemblages are consistent with temperature
improvement during the formation of these horizons,
which is contradictory to the permafrost hypothesis.
Radiocarbon ages on charcoals, molluscan shells and
earthworm granules closely match those of interstadials
(Vandenberghe and Nugteren, 2001; Moine et al,
2017, 2021; Fischer et al., 2020). Earthworms, which feed
on organic material, suggest that vegetation developed at
that time.

(3) In more continental Eastern Europe (Ukraine; e.g. Haesaerts
et al., 2003; Veres et al., 2018), ‘tundra gleys’ become rarer
in the LPS and are replaced by dark grey to black humic
horizons of similar thickness and age. Transitional horizons
between black humic and light grey, organic-poor horizons
are frequent. In fact, high-resolution measurements in the
Schwalbenberg LPS, Germany (Fischer et al., 2020), clearly
demonstrate organic matter (total organic carbon) enrich-
ment in ‘gelic gleysols’ compared to loess. As mentioned
above, ‘tundra gleys’ may also overlie a Bw-like horizon
with a brighter colour (referred to as ‘calcaric cambisol” in
Fischer et al., 2020), strongly suggesting that they are part

SFl = 0.67
continuous
permafrost

0.6 < SFI < 0.67
discontinuous
permafrost

0.5=SFI<0.6
sporadic
permafrost

SFI < 0.5
no permafrost

0.0

-5 0

-5

Figure 2. Permafrost (A-C) and ALT (D-F) distribution derived from the regional WRF simulation with 50-km horizontal resolution (A, B and D, E)
and 12.5-km horizontal resolution (C, F). The solid rectangle marks the area of subfigures B, C and E, F. Thick black lines denote the LGM coastline,
while pink lines denote the LGM ice sheet. Ice-wedge pseudomorphs from Andrieux et al. (2016) and Isarin et al. (1998) are highlighted with grey

triangles [Color figure can be viewed at wileyonlinelibrary.com]
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(i.e. the topsoil horizon) of more complex soil profiles
(Haesaerts and Van Vliet-Lanog, 1981) (Fig. 1A).

(4) Similar horizons are found in regions that were never
affected by permafrost, i.e. the lower Rhone valley, south-
east France (Bosq et al., 2020), and the Landes region,
south-west France (Sitzia et al., 2015) (Fig. 3). In the latter
area, some examples clearly correspond to the loamy
topsoil horizon of an incipient podzol developed on
aeolian sand. The loamy texture indicates that the aeolian
transport of sand-sized particles decreased, probably due to
their capture by vegetation near the source areas, while
inputs of finer-grained particles persisted.

All of this evidence argues against the assumption that all
grey horizons represent former waterlogged active layers and,
therefore, ‘tundra gleys’ as originally defined by Tedrow
(1966). Rather, they correspond to organic-poor, bleached
surface or subsurface horizons (Ag or Eg) buried under loess (or
aeolian sand), which developed during climate ameliorations.
As already suggested by Bosq et al. (2020), the poor content in
organic matter (OM) may result from:

(1) Weak OM accumulation due to discontinuous, mostly
herbaceous and/or cryptogamic (Smalley et al., 2011;
Svircev et al., 2019) vegetation cover and short periods of
development. Available chronological data for late MIS 3
interstadials show that these lasted only a few centuries
(Rasmussen et al., 2014), which was not enough for large
OM accumulation and maturation. Thin organic horizons

may have been present in many cases, but have been not
preserved because of subsequent erosion.

(2) OM degradation by soil microorganisms during burial.
Unlike the humic horizons described in the LPS of Eastern
Europe (e.g. Haesaerts et al., 2003; Veres et al., 2018), soil-
forming conditions in less continental regions led to the
formation of poorly condensed OM with low ‘black
carbon’ content (Eckmeier et al., 2007; Schmidt and
Noack, 2000), which was less resistant to degradation. As
vegetation was more shrubby during interstadials in Eastern
Europe than in Western Europe (Svenning et al., 2008;
Magyari et al., 2014) and, therefore, more prone to
burning, the formation of highly resistant aromatic com-
pounds was favoured in the east.

In a seminal paper written in French, Haesaerts and Van
Vliet-Lanoé (1981) described in detail ‘tundra gleys’ at
Harmignies, Belgium, and refined the interpretations they had
proposed in an earlier paper (Haesaerts and Van Vliet-
Lanog, 1973). In particular, they rejected the hypothesis of a
waterlogged active layer. The best-developed soil profile (units
H.C.6-H.C.1, thermoluminescence- and infrared stimulated
luminescence-dated to between 23 and 26 ka; Frechen
et al,, 2001) comprises a suite of horizons, including an upper
slightly organic grey brown horizon, grey horizons showing
Fe-Mn precipitates and a lower yellow brown horizon. The
greyish colour, which was restricted to the upper soil horizons,
was assumed to reflect Fe depletion (responsible for the

Figure 3. Views of Late MIS 3/MIS 2 organic-poor, Fe-depleted topsoil horizons from southern France. A — P2 palaeosol in the Lautagne loess
section (44.9°N, south-east France) *C-dated to 27.7-27.3 ka cal sp, from Bosq et al. (2020); B — loamy topsoil Ag horizon overlying incipient E and
Bs horizons on aeolian sand showing Fe oxide precipitates along former roots, Mont-de-Marsan (43.9°N, south-west France); C — incipient Ag—E-Bs
profile on an aeolian sand ridge, Pontonx (43.8°N, south-west France), optically stimulated luminescence-dated to 23.4 + 1.2 ka; the black spots
correspond to local organic matter accumulation associated with modern roots; D — plan view of the Pontonx palaeosol in an inter-ridge depression
showing a polygonal pattern due to frost action. According to Andrieux et al. (2016) and Stadelmaier et al. (2021), these sites were not affected by
permafrost but were subject to deep seasonal frost [Color figure can be viewed at wileyonlinelibrary.com]
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persisting light colour despite the oxidizing conditions currently
prevailing in the deposits) due to eluviation, possibly the
formation of soluble Fe complexes with organic acids (i.e.
podzolisation), and subsurface waterlogging below snow
patches (Van Vliet-Lanog, 1992). These processes (except for
podzolisation in non-decalcified soils), together with OM
degradation as outlined above, best explain the bleaching and
oxide precipitation in the topsoil and subsurface horizons.

In their paper, Haesaerts and Van Vliet-Lanoé& (1981)
considered the presence of ice-wedge pseudomorphs below
some (but not all) grey horizons to be a clear indication of their
development in an active layer, whose thickness was
assumed to reach ca. 80 cm, in better agreement with the
expected ALT in this area. As outlined above, permafrost is
contradictory to the evidence of climate amelioration in the
topsoil horizon. Therefore, permafrost development and
grey topsoil formation should be considered distinct,
diachronic and unrelated events. As is usually the case in
soil archives, disentangling the succession of pedological
features remains difficult and the question of whether some
features developed during the permafrost phase or later is
difficult to resolve. Some LPS show that some bleached
horizons developed during permafrost degradation and
filled in part the ice-wedge pseudomorphs (Haesaerts and
Van Vliet-Lanog, 1981; Antoine et al., 2014).

Main implications

Reinterpretation of most bleached horizons as weakly devel-
oped topsoil Ag or Eg horizons rather than waterlogged active
layers has strong implications for their significance in the loess
record, mainly:

(1) They formed during climate ameliorations associated with
vegetation (cryptogams, herbs) development, possibly
limited by long-lasting snow cover. Isolated Ag/Eg horizons
probably developed during short (less than a century)
climate ameliorations or a local decrease in loess deposi-
tion, whereas those associated with a more complete soil
profile (i.e. with an underlying Bw horizon) correspond to
longer interstadials.

(2) The recurrent formation of bleached horizons in some LPS

(up to 12 during the Last Glacial in Nussloch, Germany;

Antoine et al., 2009) does not reflect repetitive events of

permafrost development or permafrost accretion following

sedimentation (syngenetic permafrost). In contrast, bleached
horizons developed during periods of reduced or no
sedimentation, which are not linked to permafrost. Therefore,
without strong evidence such as ice-wedge pseudomorphs

(which are scarce in the loess record), the identification of

permafrost events should not rely on the occurrence of

‘tundra gleys’. Palaeosols showing an upper bleached (Eg or

A/Eg) horizon overlying a thick cryoturbated mottled Cg

horizon may have formed in an active layer that later evolved

under milder interstadial conditions (it should be kept in
mind, however, that cryoturbation and solifluction can occur
in areas without permafrost). Only a few palaeosols show
such evidence. Figure 1D illustrates such a palaeosol from

Achenheim-Hischberg, whose thickness reaches ca. 1 m.

Earthworm granules show that bioturbation was active.

Large granules [>0.5 mm in diameter, i.e. those used by

Moine et al. (2021) for '*C dating] were probably

produced by the genus Lumbricus (Canti, 2007). Intense

soil mixing due to the activity of anecic earthworms is a

well-documented process (e.g. Johnson, 2002). Freeze—

thaw processes (cryoturbation, solifluction) may also have
favoured sediment mixing. Therefore, the assemblages of

w
<

© 2022 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

fossils found in these horizons probably provide a
complex picture that incorporates both climate change-
related faunal fluctuations and mixing.

This question has also implications for understanding
human-environment relationships. The bleached horizons
correspond to periods of vegetation development, capable of
sustaining herds of large herbivores followed by predators
(including humans). Although scarce in north-west Europe,
most Upper Palaeolithic sites are located in such horizons (e.g.
tanczont et al., 2015; Sprafke et al., 2020; Moine et al., 2021).
In contrast, tundra gleys refer to a polar desert environment,
which, therefore, have a very different meaning.

Overall, this points to the danger of using genetic terms to
name palaeosols, such as ‘tundra gley’ or ‘arctic brown soil’,
which may prove to be inadequate because of improved
understanding of the context of their formation. Modern soil
classifications use horizons as key elements (i.e. A organic
topsoil horizon, E eluvial subsurface horizon, Bw cambic
horizon, etc.). The key horizons can be present in soils in a
variety of contexts and climatic zones. As many palaeosols are
truncated or strongly modified by subsequent climate changes
(see, e.g., Fédoroff and Goldberg, 1982 for a conceptual
approach), well-preserved soil profiles corresponding to modal
soils of a given climate area and parent-material lithology
remain exceptional. Therefore, key horizon labels should be
preferred in LPS studies.

Conclusion

There are many arguments against the hypothesis that all the
bleached horizons with Fe-Mn oxide precipitations in
European LPS reflect former waterlogged active layers.
Regional climate simulations show that ALTs ranged between
2 and 3 m during the LGM in the Northern European Loess
Belt, which is much greater than the thickness of the bleached
horizons. Even if some permafrost aggradation occurred during
the coldest episodes, ALTs lower than 0.5 m appear unrealis-
tic. These horizons better correspond to Fe-depleted, slightly
humic topsoil horizons or eluvial horizons and should be
referred to as (incipient) Ag or Eg horizons instead of ‘tundra
gleys’. Palaeosols with a bleached horizon overlying a thick
cryoturbated Cg horizon potentially corresponding to a
waterlogged active layer do exist, however, but are probably
rare in LPS. Overall, the use of key horizon nomenclature as
defined in soil classifications should be preferred in loess
studies over more genetic terms.

According to the new interpretation proposed, most
bleached horizons formed during interstadials associated with
a decrease in loess sedimentation and with vegetation
development, which attracted large herbivores. The likelihood
of strong biological and periglacial mixing of the topsoil makes
it difficult to precisely reconstruct palaeoecological changes
from fossil assemblages.
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