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a b s t r a c t

Since their discovery, the abrupt climate changes that punctuated the last glacial period (~110.6e14.62
ka) have attracted considerable attention. Originating in the North-Atlantic area, these abrupt changes
have been recorded in ice, marine and terrestrial records all over the world, but especially in the
Northern Hemisphere, with various environmental implications. Ice-core records of unprecedented
temporal resolution from northern Greenland allow to specify the timing of these abrupt changes, which
are associated with sudden temperature increases in Greenland over a few decades, very precisely. The
continental records have, so far, been mainly interpreted in terms of temperature, precipitation or
vegetation changes between the relatively warm “Greenland Interstadials” (GI) and the cooler
“Greenland Stadials” (GS). Here we compare records from Greenland ice and northwestern European
eolian deposits in order to establish a link between GI and the soil development in European mid-
latitudes, as recorded in loess sequences. For the different types of observed paleosols, we use the
correlation with the Greenland records to propose estimates of the maximum time lapses needed to
achieve the different degrees of maturation and development. To identify these time lapses more pre-
cisely, we compare two independent ice-core records: d18O and dust concentration, indicating variations
of atmospheric temperature and dustiness in the Greenland area, respectively. Our method slightly
differs from the definition of a GI event duration applied in other studies, where the sharp end of the
d18O decrease alone defines the end of a GI. We apply the same methodology to both records (i.e., the GIs
are defined to last from the beginning of the abrupt d18O increase or dust concentration decrease until
the time when d18O or dust recur to their initial value before the GI onset), determined both visually and
algorithmically, and compare them to published estimates of GI timing and duration. The duration of the
GI and consequently the maximum time for paleosol development varies between 200 and 4200 years
when visually determined and between 200 and 4800 years when estimated algorithmically for GI 17 to
2, i.e. an interval running from 60 ka to 23 ka b2k (age before 2000 AD). Furthermore, we investigate the
abruptness of the transition from stadial to interstadial conditions, which initiates the paleosol devel-
opment. The average transition duration is 55.4 ± 16.1 (56.8 ± 19.6) years when determined visually, and
36.4 ± 13.4 (60.00 ± 21.2) years when determined algorithmically for the d18O (dust concentration). The
d18O increases correspond to a mean temperature difference of 11.8 �C on the top of the Greenland ice
sheet, associated with substantial reorganizations of the ecosystems in mid-latitude Europe.

© 2017 Elsevier Ltd. All rights reserved.
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ousseau).
1. Introduction

The last glacial period (110.6e14.6 ka) has been punctuated by
strong and abrupt climate variations at millennial timescales, first
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identified in Greenland (Dansgaard et al., 1993) and North Atlantic
(Bond et al., 1992) records. In parallel, Europe has been strongly
impacted by the North Atlantic millennial climate changes, as
observed in different types of sediment records (Allen et al., 1999;
Sanchez-Goni et al., 2000, 2002; Rousseau et al., 2002, 2007b;
Genty et al., 2003; Müller et al., 2003; Boch et al., 2011). These
North Atlantic changes are related to variations in the sea-ice
extent and therefore also affected the moisture sources of precip-
itation on the Greenland ice sheet (Masson-Delmotte et al., 2005;
Steen-Larsen et al., 2013). These variations in the extent of the
sea ice during the last climatic cycle (Kutzbach and Guetter, 1986;
Byrkjedal et al., 2006) impacted the westerlies and the position of
the polar jet stream, and consequently storm track trajectories.
Furthermore, the presence of ice sheets and ice caps over Great
Britain, Scandinavia and the Alps enhanced the zonal circulation
(Pausata et al., 2011), as recorded by the eolian deposits located
along the 50�N latitude, and as supported by numerical experi-
ments (Sima et al., 2009, 2013).

Eolian deposits from the European periglacial zone known as
loess are mainly composed of well-sorted coarse silt particles
(20e63 mm) aggregated by clay particles (Pecsi, 1990) that repre-
sent 5e15% of the total sediment. Fine but also coarse sands are
present in variable amounts (1e30%) depending on the distance of
the sedimentation area from the sources, subject to deflation.
However, clay particles are mostly present in the palaeosols,
resulting from the geochemical transformation (weathering) of the
parent eolian material, inwhich they can reach up to 20e30% in the
most developed soil horizons (Bt or Bw).

The grain-size range in the loess deposits is nevertheless much
larger than the dust grain-size observed in the Greenland ice-cores
due to differences in the mode and conditions of transport, as well
as due to the distance to the main source(s) (Ruth et al., 2002;
Fischer et al., 2007). Loess units correspond to particles trans-
ported at rather low elevations, in the active layer of the atmo-
sphere (about 300 to maximum 3000 m) at regional to local scales
(Rousseau et al., 2014), while dust deposited at high latitudes is
transported at much higher elevations (Pye, 1987, 1995). Loess se-
quences are well-developed all over Europe, but especially in the
Fig. 1. Map of the main European loess deposits between �10� and 40� longitude and 60� an
sheets and ice caps extension.
so-called loess belt between 48� and 52�N (Fig. 1). Such intensive
deposition of dust over Europe has been favored by the reduced
arboreal cover even practically absent in NW Europe during both
stadial and interstadial stages (Woillard, 1978; Fletcher et al., 2010),
by the sea-level lowering, exposing large areas of the continental
shelves to eolian erosion (Juvign�e, 1985; Lautridou, 1985; L�eger,
1990; Rousseau et al., 2007a, 2014; Sima et al., 2009, 2013), and
by strong increases in fluvial transport and sedimentation by per-
iglacial braided rivers (Lautridou et al., 1999; Antoine et al., 2007;
Smalley et al., 2009). Extensive investigations of European loess
series along a longitudinal transect at 50�N reveal that the
millennial-scale climate variations observed in the North-Atlantic
marine and Greenland ice-core records are preserved in loess se-
quences (Rousseau et al., 2007b, 2011) (Fig. 2, Supplementary
Fig. 1). Among them, the Nussloch loess site, on the right bank of
the Rhine valley, yields an important record of the last climatic
cycle (Antoine et al., 2001, 2009). At this site, the sequence for the
interval 45 ka to 18 ka is exceptionally detailed, and supported by
an intensive dating effort combining AMS 14C and luminescence
methods (Hatt�e et al., 1999; Lang et al., 2003; Rousseau et al.,
2007b; Tissoux et al., 2010; Moine et al., 2017). Alternating paleo-
sol and loess units preserved in the last climate cycle record
correspond to the interstadials (GI) and stadials (GS) described in
the Greenland ice-cores, respectively (Dansgaard et al., 1993;
Johnsen et al., 2001; Rousseau et al., 2002, 2007a, 2007b; Moine
et al., 2008, 2017; Antoine et al., 2009). The nature of each of the
paleosols observed in Nussloch was preliminarily related to the
duration of the corresponding Greenland interstadials (Rousseau
et al., 2007b) (Fig. 2), but also a higher concentration of terrestrial
mollusks, which prefer cool and moist conditions (Moine et al.,
2008). GI 8, for example, the longest interstadial during the 40
ka �15 ka period, is represented in the Nussloch stratigraphy by a
well developed arctic brown soil, while the much shorter GI 3 and
2, among others, correspond to tundra gleys of variable thickness,
or to weakly oxidized horizons marked, among other indicators, by
a slightly increased total organic content (Rousseau et al., 2002,
2007b; Antoine et al., 2009) (Fig. 2). Recent rock magnetic in-
vestigations (Taylor et al., 2014) of the loess interval above the arctic
d 45�N (after Antoine et al., 2013; Rousseau et al., 2014) with Last Glacial Maximum ice-



Fig. 2. Map of Western European loess deposits with location of the main sequences and the reference series from Nussloch. Stratigraphy of Nussloch last climate sequence, after
Antoine et al. (2016) modified, showing the alternation of paleosols in brown and grey and eolian units in yellow. Correlation with the NGRIP d18O and dust record with assignment
of the paleosol units to the Greenland interstadials (GI). The indicated dates are from Antoine et al. (2016) and Rousseau et al. (2007a,b). (The colors of the arrows refer to those
applied in Fig. 7).
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brown soil associated with GI 8 at Nussloch revealed bands of iron
oxide dissolution associated with tundra gley units. Iron oxide
dissolution and the possible iron re-precipitation leading to
oxidized horizons correspond to a diagenetic alteration occurring
at the base of the active layer, i.e. at the interface with permafrost,
during limited warm and moist intervals. Such limited warming
and increased moisture provide conditions favoring the trans-
formation process (soil formation) in the tundra gley units, but the
diagenetic alteration described above (dissolution) requires the
presence of an impermeable layer, such as permafrost as postulated
by Taylor et al. (2014) and references therein, to create an anoxic
environment effectively dissolving the iron oxides. The subsequent
re-precipitation of iron and the composition of this re-
mineralisation will depend on local environmental and climate
conditions. Taylor et al. (2014) observe, tentatively, a more impor-
tant re-mineralisation in more developed tundra gley units that
requires to be better quantified in future work but already supports
the correlation with GIs of variable temporal duration (Fig. 2).

The Nussloch paleosol-loess unit couplet succession is not
unique, but observed with a variable thickness and a diverse nature
of the paleosols in sequences ranging from Western Europe east-
ward to Ukraine (Antoine et al., 2009, 2013; Rousseau et al., 2011),
over more than 1800 km (Supplementary Fig. 1). The uncertainties
concerning the duration of the soil formation are important
because of the incompleteness of the paleosol profile, in particular
for the interglacial soils in which the top horizons are often eroded.
Nevertheless, arctic brown paleosols and tundra gleys do not show
characteristics of erosion (Supplementary Fig. 2) on the outcrops.
Furthermore the biological remains, mollusk shells (Moine et al.,
2008) and earthworm granules (Prud'homme, 2017), characteris-
tics of the upper levels of these paleosols, support such interpre-
tation of lack of erosion. This therefore questions the definition of a
correct time scale to be used for further model-data comparisons.
In turn, this rises a problem in correctly estimating the mass
accumulation rate (MAR) of the sequences for comparison with
model estimates, which cannot be estimated by just taking into
account the whole thickness of the considered deposits.

In the following section, we are refining the correlation between
the paleosol succession observed in European loess sequences and
the Greenland interstadials. In the third section we investigate the
duration of the Greenland interstadials by studying high-resolution
records of the d18O (NGRIP members, 2004; Gkinis et al., 2014) and
dust concentration (Ruth et al., 2003) from the NGRIP record. This
allows us to define the maximum duration of the development for
the observed paleosols and discuss in the fourth section the low
atmospheric dust load intervals in Greenland ice and their pedo-
genesis counterparts in Europe.

2. Refined assignment of European paleosols to Greenland
interstadials

Paleosol formation is a complex process. Datesmeasured along a



Fig. 3. Decomposition of Greenland interstadial d18O and dust concentration records
from NGRIP ice core in relative time with zero placed at the start of the event. The start
of the d18O increase is marked by the red dot and the start of the dust concentration
decrease is marked by the blue dot around the zero year of the relative time scale. The
end of the interstadial, determined as the return to the values at the start of the event,
is also marked by a dot of the same color. The maximum duration of the event is the
time lasting between the two dots and is indicated by the arrow in the figure. The
transition time is the time between the start of the event and the interstadial value.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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determined profile do not allow for a characterization of the type of
pedogenesis, especially when considering the magnitude of their
measured errors and the particular paleoenvironmental conditions
of glacial times before and after the soil development. This makes
the determination of the complete duration of the pedogenesis
process a critical challenge. This is even more complicated when
using different dating methods leading to diverse results. Indeed,
some scientific dispute remains concerning the dating in our
reference sequence of Nussloch, especially of the Lohner Boden
paleosol assigned by Rousseau et al. (2002; 2007b) and Antoine
et al. (2001, 2009) to GI 8, and thus an age of about 38.23e36.63
ka b2k is reported when referring to the NGRIP d18O timescale. This
assignment is supported by luminescence dates from samples
above this unit and one date of 40.2 ± 6.2 ka (Rousseau et al.,
2007b) taken at the base of the Lohne Boden paleosol.

Kadereit et al. (2013) argued differently by indirectly assigning
Lohne Boden to GI 7 by using 14C dates from another unit not
directly located in the stratigraphic succession. Interestingly, while
our succession of paleosols, interpreted as climate events, fits with
those observed in ice andmarine cores (Rousseau et al., 2007b) (see
correlations on Fig. 2), the opposed succession by Kadereit et al.
(2013) implies more events than discussed in the literature or
observed anywhere else, indicating that not every paleosol relates
to a single interstadial/climate event. This is a main stratigraphic
and climatic issue because of the location of the Nussloch series,
which deposited through ridges-like on a plateau on the right edge
of the Rhine valley. Such a geological and geographical context
prevents any other interpretation than units observed in place,
contrary to a depression, where additional local events like slumps,
thermokarst infilling, or even missing units could have been
recorded. Moreover, when we apply the same strategy downward
the sequence prior to the Lohne Boden, two other brown paleosols
(boreal brown soils) are observed in the lower part of the stratig-
raphy of the Nussloch Upper Pleistocene sequence, which have
been correlated with the relatively long GI 12 and 14 (Rousseau
et al., 2007b). Two different and independent luminescence dates
of 57.2 ± 3.7 and 54.2 ± 4.2 (Bibus et al., 2007; Tissoux et al., 2010)
support this assignment (d18O NGRIP age of GI 14: 54.23e50.03 ka
b2k). The tundra gleys observed in between these two main brown
arctic paleosols are assigned to shorter GI's and the number of
gleys, similar to those of the GI, supports the rationale of the
climate succession proposed by Rousseau et al. (2002, 2007b) for
the upper part of the record (Fig. 2). We consider therefore that our
assignment of GI 8 to the Lohner Boden is correct and that our
published correlation between Nussloch loess sequence and NGRIP
ice-core records remains accurate for our present study. Recent and
new 14C dates from earthworm granules from the identified pale-
osols in Nussloch finally support our initial interpretation and
correlations (Moine et al., 2017).

A first estimate of the time interval of development of some
paleosols in European sequences along 50�N was deduced by cor-
relation with the GRIP ice-core dust record. For a given paleosol,
this time interval was considered to start at the beginning of the
abrupt decrease of dust concentration in the ice, associated with
the corresponding rapid warming event, and to end when the dust
concentration started to increase towards stadial values (Rousseau
et al., 2011). Such rough estimates fitted with the duration of the
pedological processes involved in building the different paleosols
observed (Birkeland, 1984), but the temporal resolution of the
Greenland ice-core record applied back then was very low. The
estimate was therefore indicative, but nevertheless not realistic.
Here we use high-resolution data from the NGRIP ice-core to esti-
mate the duration of the intervals of relatively low atmospheric
dust concentration for GI 17 to GI 2 (Section 3) much more pre-
cisely. These GIs have occurred between 60 ka to 23 ka b2k (Marine
Isotope Stages MIS4, MIS3 and, partly MIS2), corresponding to the
main interval of loess deposition in Europe, which ended at about
16e15 ka (Rousseau et al., 1998, 2007a). These interstadials are
generally well-recorded in sequences from the European loess belt
at around 50�N and in particular in our reference sequence of
Nussloch. We interpret the episodes of low atmospheric dust load
recorded in Greenland ice-cores as periods favorable to soil
development in Europe with low to completely lacking dust
emission and deposition (Sima et al., 2009, 2013). Thus, the GI
duration is assigned to the corresponding paleosol types identified
in European loess sequences as maximum development duration
by considering the GI start and end (Section 3). We also discuss the
abruptness of the transitions between stadial and interstadial
conditions, when the soil formation begins (Section 4), and draw
some conclusions (Section 5). Finally, pedostratigraphic and sedi-
mentological analysis and dating clearly show that many of the
short periods of climatic variations that Rasmussen et al. (2014)
have identified in the Greenland interstadials have been too short
events to be preserved as independent units in the continental
record. As a consequence, this can result in the formation of poly-
genetic soil horizons, of soil complexes or even of very embryonic
horizons as it is the case during the interval between (roughly) 60
and 35 ka (Moine et al., 2017).

3. Low dust concentration episodes in NGRIP ice core
between 60 ka e 23 ka b2k

3.1. Characterization of NGRIP GI start and end (Figs. 3 and 4)

The dust and d18O data we use here are from the reference
NGRIP ice core, to which the GICC05 multi-core multi-parameter
layer-counted age scale is applied (Andersen et al., 2006;
Rasmussen et al., 2006). For the time interval we address, 60 ka
e 23 ka b2k, the layer counting has been performed using 7 pa-
rameters, taking into account the seasonal cycle (Andersen et al.,
2006; Svensson et al., 2008). The layers considered by the



Fig. 4. NGRIP climate variations of the d18O and dust concentration records with the algorithmically detection of the Greenland interstadials (GI) from GI 2 to GI 17 (green shaded
regions). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

D.-D. Rousseau et al. / Quaternary Science Reviews 169 (2017) 99e113 103
counting team as uncertain years were counted as 0.5 ± 0.5 years,
and the cumulated uncertainty is treated as a Gaussian (2 sigma)
error of the age scale. Wolff et al. (2010) summarize the ages of the
GI warming events 17 to 2, determined by Andersen et al. (2006)
and Svensson et al. (2008) from the d18O record, with the associ-
ated uncertainty. They also estimate the durations of GI 12 to 2,
considered from the beginning of the abrupt d18O increase until the
beginning of the sharp final drop. No duration was proposed for GI
17 to 13, whose complex structure did not allow these authors a
clear identification of the end. Recently, Rasmussen et al. (2014)
solved this problem and proposed a comprehensive definition of
Greenland interstadials and stadials for the Last Glacial period by
adopting the INTIMATE approach.

In this paper, we aim to correlate the duration of the GIs in the
Greenland ice-core with the nature of the paleosols observed in our
reference loess sequences. In order to do so, we need to estimate
the duration of all the GIs in the studied interval, which is longer
than that investigated by Wolff et al. (2010), but integrated within
the whole Greenland ice-core record of the Last Glacial period from
Rasmussen et al. (2014). We choose a slightly different method by
separately analyzing two independent parameters of different
origin, the dust and d18O records, and compare the results. To avoid
the difficulties encountered byWolff et al. (2010) for GI 17 to 13, we
decided to proceed differently: the GI duration in the dust or d18O
records is visually considered from the beginning of the initial
sharp increase in d18O and sharp drop in dust concentration values
until the time when the dust or d18O values return to their pre-
transition values (Fig. 3). The justification of applying this method
relies on the requirement of a stable environment, very low or no
dust deposition), for a soil to develop. Considering the strong
variability in both datasets and the aim of our study, the respective
ages of the start of the abrupt transition, visually determined, are
rounded to the nearest decade. (Table 1, columns a,b).

However, some objections could be proposed about the objec-
tivity of the visual determination of the required interval bound-
aries observed in the NGRIP records. Therefore we developed the
following algorithm to detect, differently and perhaps more
robustly, the start and end dates of the stadialdinterstadial tran-
sitions as well as the end dates of the interstadials (Fig. 4):



Table 1
Start and duration of GI 17 to 2 in the NGRIP dust and d18O records on the GICC05 timescale (in bold when the dust-derived value differs from the d18O one for a given GI).

GIS aStart of abrupt
transition in dust
(yr b2k)

b Start of abrupt
transition in ™18O (yr
b2k)

GI onset cf.
references:
*Andersen et al.
(2006)
**Svensson et al.
(2008)

eDiffer-
ence
(b)-(c)
(yr)

fGIS duration
dust (100yr)

gGIS
duration
™18O
(100yr)

hGIS duration Wolff
et al. (2010) (100yr)

iDiffer-
ence (g)-
(h)
(100yr)

jGIS duration Rasmuss
en et al. (2014) (100yr)

kDiffer-
ence (g)-
(j)
(100yr)

ref conset
(yr
b2k)

d1�o
(yr))

2 23 370 23 370 * 23 340 298 30 2 2 1 1 1 1
3 27 800 27 800 * 27 780 416 20 3 3 3 0 2 1
4 28 910 28 910 * 28 900 449 10 4 4 3 1 3 1
5 32 500 32 520 * 32 500 566 20 6 5 5 0 5 0
6 33 750 33 750 * 33 740 606 10 4 4 4 0 4 0
7 35 490 35 490 * 35 480 661 10 9 9 7 2 7 2
8 38 220 38 230 * 38 220 725 10 17 16 16 0 16 0
9 40 180 40 180 * 40 160 790 20 3 3 3 0 3 0
10 41 490 41 480 * 41 160 817 320 7 7 7 0 7 0
11 43 360 43 360 ** 43 340 868 20 12 11 10 1 11 0
12 46 870 46 890 ** 46 860 956 30 27 26 26 0 26 0
13 49 300 49 300 ** 49 280 1015 20 9 8 n.d. 9 �1
14 54 210 54 230 ** 54 220 1150 10 42 42 n.d. 46 �4
15 55 810 55 830 ** 55 800 1196 30 4 4 n.d. 4 0
16 58 290 58 280 ** 58 280 1256 0 19 18 n.d. 18 0
17 59 070 59 080 ** 59 440 1287 �360 5 5 n.d. 9 �4

a Start of the GI initial abrupt transition in the dust record, visually determined on annual-resolution data and rounded to the nearest decade.
b Same as a) for the d18O record.
c GI onset visually determined as the midpoint of the initial abrupt increase in the 20-year averaged d18O record by Andersen et al. (2006) for GI 10 to 2, and Svensson et al.

(2008) for GI 17 to11.
d Counting uncertainty of the GICC timescale for the onset ages from c).
e Age difference between the GI start as defined in this study and the onset values cf. Andersen et al. (2006) and Svensson et al. (2008) and Rasmussen et al. (2014).
f GI duration in the dust record, rounded to the nearest century.
g Same as f) for the d18O record.
h GI duration estimated to the nearest century on d18O dataset by Wolff et al. (2010).
i Difference between the GI duration estimated here (g) and the Wolff et al. (2010) values (h).
j GI duration estimated to the nearest century on d18O dataset by Rasmussen et al. (2014).
k Difference between the GI duration estimated here (g) and the Rasmussen et al. (2014) values (j).
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First, the d18O and dust records are interpolated to an equidis-
tant time axis with 5 year-intervals.
Second, we defined an averaged derivative by computing for
each time step the difference between the mean of the 30
subsequent time steps and the 30 previous time steps, both
corresponding to 150 years. The local maxima of time periods
for which this derivative is above the 95th percentile are then
identified as approximate candidates for the GI transition dates.
For each of the hereby-detected candidates (18 were detected
contrary to the 16 that were detected visually), we look for the
closest futuremaximum of the time series that is above the 70th
percentile of the 30 subsequent time steps (i.e., 150 years). These
maxima are identified as the end points of the respective
transitions.
Third, we looked for the closest minima preceding the transition
end points that are below the 60th percentile of the 30 time
steps previous to the approximate GI transition date candidates.
The 30 time steps preceding these minima are identified as pre-
transition periods. We defined the start points of the transitions
as the minima closest to (but preceding) the transition end
points, such that they are below the 50th percentile of the pre-
transition period.
Finally, the end dates of the interstadial periods are defined as
the first time points following the transition end dates for which
the 40 year running mean (10 year running mean) of the d18O
(dust) time series falls below the 50th percentile of the
respective pre-transition periods (Table 2).
3.1.1. GI start
The GI start ages of the abrupt transitions in the dust and d18O

records, as estimated and rounded in this paper, are very close. For
many of the analyzed GI, the difference is less than one decade.
More notable are the GI 15, 14, 12 and 5, for which the transition in
dust appears to start by about 2 decades later than in d18O, and GI
16 and 10, for which the dust change begins about one decade
earlier. These visual estimations are only indicative, and fit with the
errors related to the dating methods used in the loess sections. We
note that very detailed investigations of the same GI from the same
ice core may not lead to exactly the same result. For example, the
onset of GI 8 coincides in the NGRIP d18O and dust records in (Ruth
et al. (2007)), while Thomas et al. (2009) find that the dust con-
centration decrease starts earlier than the d18O increase.

For comparison with our values, Table 1 (column c) also shows
the GI onset ages visually determined at the midpoint of the initial
abrupt increase in the 20-year averaged d18O record by Andersen
et al. (2006) for GI 10 to 2, and Svensson et al. (2008) for GI 17 to
11. For 14 GIs out of the 16 analyzed, the differences between these
estimations are less than 30 years, and mainly result from the fact
that we consider the beginning instead of the midpoint of the
transition. A quite special case is GI 16 and, in particular, how to
define its onset. Indeed GI 16 could be considered as starting before
or after the short event GI-16.2 observed at 58.2 ka b2k. Following
the latter hypothesis, GI 16 shows a peculiar feature described
earlier by Capron et al. (2010) for older intervals and named “pre-
cursors”. Precursors are described as short-lived abrupt warmings
preceding interstadials. We decided to consider GI 16 as starting



Table 2
Start, end, duration of GI 17 to 2 and duration of the abrupt transitions between stadial and interstadial conditions in the NGRIP d18O and dust records on the GICC05 timescale.
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a Start of the GI initial abrupt transition in the d18O record, visually determined on annual-resolution data and rounded to the nearest decade.
b End of the GI in the d18O record, visually determined on annual-resolution data and rounded to the nearest decade.
c Duration of the GI in the d18O record, visually determined on annual-resolution data and rounded to the nearest decade.
d Start of the GI initial abrupt transition in the d18O record, algorithmically determined on annual-resolution data and rounded to the nearest decade.
e End of the GI in the d18O record, algorithmically determined on annual-resolution data and rounded to the nearest decade.
f Duration of the GI in the d18O record, algorithmically determined on annual-resolution data and rounded to the nearest decade.
g Difference between visually and algorithmically determined start of the GI initial abrupt transition in the d18O record.
h Difference between visually and algorithmically determined end of the GI in the d18O record.
i Difference between visually and algorithmically determined duration of the GI in the d18O record.
j Start of the GI in the d18O record, published by Rasmussen et al. (2014).
k End of the GI in the d18O record, published by Rasmussen et al. (2014).
l Duration of the GI in the d18O record, published by Rasmussen et al. (2014).
m Difference in duration between the visually determined one and that published by Rasmussen et al. (2014).
n Difference in duration between the algorithmically determined one and that published by Rasmussen et al. (2014).
o Duration of the abrupt transition in the GI d18O record determined visually.
p Duration of the abrupt transition in the GI d18O record determined algorithmically.
q Difference between the visually and algorithmically determined duration of the abrupt transition in the GI d18O record.
aa Start of the GI initial abrupt transition in the dust record, visually determined on annual-resolution data and rounded to the nearest decade.
bb End of the GI in the dust record, visually determined on annual-resolution data and rounded to the nearest decade.
cc Duration of the GI in the dust record, visually determined on annual-resolution data and rounded to the nearest decade.
dd Start of the GI initial abrupt transition in the dust record, algorithmically determined on annual-resolution data and rounded to the nearest decade.
ee End of the GI in the dust record, algorithmically determined on annual-resolution data and rounded to the nearest decade.
ff Duration of the GI in the dust record, algorithmically determined on annual-resolution data and rounded to the nearest decade.
gg Difference between visually and algorithmically determined start of the GI initial abrupt transition in the dust record.
hh Difference between visually and algorithmically determined end of the GI in the dust record.
ii Difference between visually and algorithmically determined duration of the GI in the dust record.
jj Start of the GI in the dust record, published by Rasmussen et al. (2014).
kk End of the GI in the dust record, published by Rasmussen et al. (2014).
ll Duration of the GI in the dust record, published by Rasmussen et al. (2014).
mm Difference in dust GI duration between the visually determined one and that published by Rasmussen et al. (2014).
nn Difference in dust GI duration between the algorithmically determined one and that published by Rasmussen et al. (2014).
oo Duration of the abrupt transition in the GI dust record determined visually.
pp Duration of the abrupt transition in the GI dust record determined algorithmically.
qq Difference between the visually and algorithmically determined duration of the abrupt transition in the GI dust record.
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Fig. 5. Greenland interstadials 17 to 2 gathered in two groups depending of the duration. The first group gathers GI 2, 3, 4, 5, 6, 9, 15, 10, 17, 7, 13 and 11. The second group gathers GI
8, 16, 12 and 14, which show the longest duration. The start and the end of the event, as explained in Fig. 3, are indicated the same way, blue dots for the dust concentration and red
dots for the d18O. GI 15, 16 and 17 (in italic) are not clearly identified in Nussloch loess sequence. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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already at the precursor event, based on considering themagnitude
of the parameter variations, which are similar in the d18O while the
first abrupt changes in the dust record starts from much higher
concentration than the second one, indicating some already pre-
vailing climate dynamics.
3.1.2. GI end
The GI end, as we choose to visually define it here (i.e., the date

of return to the value at the beginning of the initial abrupt change),
is less difficult to pinpoint than using the Wolff et al. (2010) crite-
rion (i.e., the end of the decrease towards stadial values). It
corresponds to a return to the previous stadial conditions deter-
mined by both d18O and dust concentration (Fig. 3).
3.1.3. GI onsets
The GI onsets were determined by our algorithm in two slightly

different ways for comparison: Two different percentile values
were computed for the pre-transition period that was chosen for
the threshold to determine when the abrupt transition started: the
50th percentile as stated in the third step of the algorithm above,
and, for comparison, the 75th percentile. For the 75th percentile
(higher threshold), the transitions tend to start later than for the



Fig. 6. Greenland interstadials 17 to 2 as expressed through variations in the d18O (top panel) and dust concentration (low panel) records. Identification of the start and end dates of
the interstadials as determined visually (pink shaded) and algorithmically (blue shaded). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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50th percentile (lower threshold). The onset times computed with
the lower threshold (50th percentile) are more inline with the vi-
sual determination for the NGRIP d18O data, showing only minimal
differences. Nevertheless, applying this lower threshold leads to
earlier onset dates for the dust record (see Table 2).

The algorithmic determination of the transition onset dates
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allows to identify events 15.1 and 16.1 (Rasmussen et al., 2014),
which were not identified during the original, visual determination
(Dansgaard et al., 1993; Johnsen et al., 2001). A comparison be-
tween the visually and algorithmically determined start and end
dates of the GIs suggests that they can be different in the d18O and
dust concentration for a single event, in contradiction with the
general interpretation by Rasmussen et al. (2014), who report
similar dates of start and end dates of the identified GIs for both
d18O and dust concentration (Table 2).
3.2. NGRIP GI visually determined duration (Fig. 5)

Considering the degree of subjectivity associated with the layer
counting method, we only estimate the GI duration, i.e. the time
difference between GI start and end dates (Fig. 3) in the dust and
d18O records, to the nearest century (Table 1, columns f,g) or to the
nearest decade, depending on the applied method (Table 2, col-
umns c,f,i,cc,ff,ii). Such degree of precision is sufficient for our main
purpose, which is to estimate the time span available for the
development of different paleosol types in Europe during the last
climate cycle.

The GI durations from the d18O data are compared to the values
determined by Wolff et al. (2010) on the basis of the same record
(Table 1, column h). For 7 out of the 11 GIs (from GI 12 to 2) they
have estimated, we obtain the same duration. The other 4 GI du-
rations are longer, by one century for GI 11, 4 and 2, and by two
centuries in the case of GI 7.

A comparison between the visually and algorithmically deter-
mined start and end dates of the GIs first suggests that these dates
are different for the two observables (d18O and dust) in numerous
interstadials (Fig. 6) (Table 2 columns a, b, d, e, aa, bb, dd, ee). This is
in contradiction with the general interpretation of Rasmussen et al.
(2014), who report similar dates of start and end of the identified GI
in both d18O and dust records. Let us consider the duration differ-
ence (rounded to the nearest century) between the two methods
Fig. 7. Paleosol units identified in the European loess series along a 50�N longitudinal trans
Fig. 2). The maximum duration of the paleosol formation, among other parameters, infers th
the methodologies applied in this study. The blue histogram on the right hand side shows t
the different pedogenic units identified in the sequence including two thermokarst events.
references to colour in this figure legend, the reader is referred to the web version of this
we applied (Table 2, column i). Concerning the d18O record, 9 out of
16 GI have similar durations (GI 3, 4, 5, 6, 8, 10, 12, 16.2 and 17.1) in
bothmethods (visual versus algorithmic). In contrast, GI 7 and 9 are
longer by one century and GI 13 by 6 centuries, while GI 2 and 15.2
are shorter by one century, GI 11 by 2 and GI 14 by 6 centuries when
determined visually. Concerning dust, 10 out of 16 GIs have similar
duration with both methods (GI 3, 4, 5, 6, 7, 8, 11, 12, 16.2 and 17.1)
while GI 9, 10, 13 and 15.2 are longer by one century and GI 2 and 14
are shorter by 4 and 5 centuries respectively when determined
visually (Table 2, column ii).

If we compare our duration estimates (obtained from both
methods) to those released by Rasmussen et al. (2014), we also get
different results (Table 2, columns m, n, mm, nn): First, the average
duration of d18O GIs varies from 1050 ± 1070 yr, 1050 ± 1170 yr to
930 ± 1130 yr when analyzed visually, algorithmically and pub-
lished by Rasmussen et al. (2014) (Table 2, columns c,f,i). Second,
minimum and maximum duration of the GIs vary between 200 and
4200 yr, 200e4900 yr and 100e4600 yr, respectively. 8 out of 16 GI
are visually of the same duration as reported by Rasmusen et al.
(2014), 6 are longer and 2 shorter. 7 out of 18 GIs are algorithmi-
cally of similar duration than in Rasmussen et al. (2014), 10 are
longer and 1 is shorter. Second, the average duration of dust GI
varies from 1080 ± 1080 yr, 1080 ± 30 yr, to 930 ± 1130 yr (Table 2,
columns cc, ff, ii) respectively for the record analyzed visually,
algorithmically or as published in Rasmussen et al. (2014). 10 out of
18 GI are algorithmically of the same duration as Rasmussen et al.
(2014), 5 are longer and 3 are shorter.

Interestingly, the NGRIP high-resolution data changed our un-
derstanding of the abruptness of dust and d18O variations. In our
previous studies (Rousseau et al., 2007b, 2011) we have used the
GRIP Ca2þ (representing dust) record for correlation with the loess
sequences, because at its 50-year temporal resolution the stadial-
interstadial transitions appeared much sharper than in the d18O.
This does not seem to be the case for the NGRIP high-resolution
dataset (Fig. 5; Table 2).
ect and their related GI (see the correlation between the identified paleosols and GI in
e maturation of the pedogenesis and corresponds to the duration of the GI according to
he number of interstadials/paleosols per unit of duration. The colored boxes identified
The labels of the paleosol units refer to those used in Fig. 2. (For interpretation of the
article.)



Table 3
Duration of GI 17 to 2 transition time in the NGRIP dust and d18O records, on the GICC05 timescale (in bold when the dust-derived value differs from the d18O one for a given GI),
same references as in Table 1.

GIS NGRIP records Fleitman et al. (2009)

a) in the dust record (yr) this study b) in the d18O ice record (yr)
this study

c) Speleothem transition (yr) d) 1�o
(yr)

e) Difference (c) e (b) (yr)

2 60 50 n.d. n.d. n.d.
3 40 40 20 17 20
4 30 30 40 31 �10
5 60 60 40 48 20
6 70 80 120 55 �40
7 70 60 40 54 20
8 40 50 80 42 �30
9 110 60 20 32 40
10 60 60 40 34 20
11 40 50 160 72 ¡110
12 70 90 60 44 30
13 60 50 n.d. n.d. n.d.
14 50 50 n.d. n.d. n.d.
15 80 80 n.d. n.d. n.d.
16 40 40 n.d. n.d. n.d.
17 40 40 n.d. n.d. n.d.

Average transition
(yr) 57.5 55.6
1�o
(yr) 20.2 16.3

a) GI transition time in the dust record, visually determined on annual-resolution data and rounded to the nearest decade.
b) Same as a) for the d18O record.
c) GI transition estimated to the nearest decade on speleothem record by Fleitman et al. (2009).
d) Estimated error on the GI transition time from speleothem record by Fleitman et al. (2009).
e) Difference between the GI transition time estimated here (b) and the Fleitman et al. (2009). values (c).
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Considering the determined correlations between the Nussloch
paleosol series and the NGRIP GIs (Fig. 2), our study also indicates
that the GIs can be grouped into two categories for the considered
time interval 60 ka to 23 ka b2K: the interstadials lasting roughly
between 200 and 1200 years and those lasting between 1800 to
more than 4000 years (Fig. 7). This interpretation is in line with
Yaalon's (1971) interpretation of his two categories of soil diag-
nostic features and horizons, the rapidly adjusting features which
are reversible and last less than 102e103 years on the one hand, and
the slowly adjusting, irreversible features, in which influx exceeds
efflux, and which last more than 103e104 years. Fig. 5 shows the
visually determined GI events 17 to 2 in the NGRIP dust and d18O
records, on a relative time scale starting at the beginning of the
abrupt change. For each GI, the estimated start and end are pin-
pointed on both d18O and dust records. Fig. 6 shows NGRIP d18O and
dust GI events 17.1 to 2 on the NGRIP time scale with visual (pink)
and algorithmic (blue) GI estimates. Considering the counting er-
rors associated with the NGRIP data and the protocol used in our
estimation of the event limits, and because of the aim of our study,
the two observables (d18O and dust) can be interpreted as starting
simultaneously within a single decade even if recent high-
resolution studies seem to show some differences that cannot be
addressed in this paper.

Considering the duration of the GI deduced from the dust and
the d18O records (Tables 2 and 3), although the two main paleosol
categories are identified, one could question if any particular dif-
ference happened in the abruptness of the transition between
stadial and interstadial conditions during the considered intervals
(Table 3, columns a, b). In our study, the transitions in both dust and
d18O records occurred in roughly the same time range with the
visual method; the transition duration varies between a minimum
of 30 years and amaximum of 90 years, an exceptional longer value
of 110 years being noticed for the transition to GI 9 in the dust
record. With the algorithmic method, the transition varies between
a minimum of 30 years and a maximum of 90 years, with an
exceptional maximum of 120 years for GI 5 dust and a minimum of
10 years for GI 9 d18O (Table 2). If we compare with the transition
values indicated by Fleitmann et al. (2009) from a Turkish speleo-
them covering GI 12 to 3, the difference with our observations falls
within the error range proposed for the studied concretion varying
between 72 and 17 years. Following our protocol, the transition in
the d18O and in the dust concentration records in Greenland lasts
the same time for eight GI, while the dust transition is longer by
about 10 years for all remaining cases except GI 9. The d18O tran-
sition is longer by 10e20 years in the range of the errors provided
by Fleitmann et al. (2009) (Table 3, column c).

Our study indicates similar transitions, rapid and abrupt during
glacial time, as those obtained for the Late Glacial interval for the
same parameters (Steffensen et al., 2008). The average transition
duration is of 55.4 ± 16.1 yr or 36.4 ± 13.4 yr for the d18O and
56.8 ± 19.6 yr or 60.0 ± 21.2 yr for the dust concentration, deter-
mined using the visual and algorithmic methods, respectively
(Table 2, columns o,p, oo, pp). This can still be considered as brutal,
even if less sharp as the deuterium excess changes noticed for the
Late Glacial interval (Steffensen et al., 2008). A recent reconstruc-
tion of the NGRIP temperature variations reveals temperature in-
crease during the Dansgaard-Oeschger (GI) warming on average of
about 11.8 �C during our determined time transition (Kindler et al.,
2013). This corresponds to an average 0.21 �C per year temperature
increase on top of the Greenland ice-sheet, a substantial one, even if
at lower European latitudes where the paleosols developed, the
magnitude of the warming should have been much lower.

4. Low atmospheric dust load intervals in Greenland ice and
pedogenesis in Europe

When Greenland experienced abrupt warming and dust con-
centration decreased, dust emission at mid-latitudes also strongly
decreased in Europe, sources almost completely ceased to emit,
allowing paleosols to develop. Dust emission should have persisted



D.-D. Rousseau et al. / Quaternary Science Reviews 169 (2017) 99e113 111
in desert areas but probably at a reduced rate in comparison to
stadial conditions, at least in northern Chinese deserts, which are
the source of the dust deposited in the Greenland ice (Svensson
et al., 2000). This still permitted particle transport towards the
western Pacific and Greenland, similarly to present time, since the
dust concentration in the ice-cores never completely vanished. On
the contrary, the paleosol development during GIs over European
mid-latitudes occurred directly in a landscape covered by eolian
material as every sequence clearly indicates. This was marked by
increased biological activity such as the development of adapted
mollusk faunas, compared to loess stadial intervals, and increased
earthworm activity: burrowing, spheroid production in large
quantities, is characterizing warmer environments (Moine et al.,
2005, 2008; Antoine et al., 2009; Prud'homme et al., 2016). Mois-
ter conditions (Rousseau et al., 1990; Rousseau, 2001; Hatt�e et al.,
2013; Moine, 2008, 2014) also prevailed due to increased precipi-
tation (Sima et al., 2013; Rousseau et al., 2014) and corresponded to
a direct response by the continental environments to changes
affecting themarine circulation, especially in the Northern Atlantic.
This was demonstrated at lower latitudes than our 50�N band, as
this affected the vegetation inland the Iberian Peninsula and in Italy
(Allen et al., 1999; Sanchez-Goni et al., 2000; Nebout et al., 2009).
However, the terrestrial responses, i.e. vegetation, showed a slight
delay to the change in the North Atlantic sea surface temperatures
contrary to Greenland d18O, which seem to show a more synchro-
nous reaction with marine changes. The vegetation changes also
occurred at northern latitudes in the loess corridor as recorded by
the d13C from the organic matter originating from grass that is
preserved in the sediments, the presence of which is marked by the
preserved grass root casts in the loess units (Hatt�e et al., 2013) and
the high concentration of cool andmoist loving terrestrial mollusks
(Moine et al., 2008). Annual precipitation estimates established
from the inverse modeling of the d13C indicate higher values during
the interstadials than during stadials (Hatt�e and Guiot, 2005).
Strong water stress also occurred within the vegetation during
stadials, mostly in Eastern Europe as observed in Serbia and the
Czech Republic through the record of C4 plants from d13C analyses
of the organic matter preserved in the sediment (Hatt�e et al., 2013).

Considering the abruptness of the warmings and the maximum
duration of the interstadials, warmer, moister, more stable envi-
ronmental conditions with more biological activity were therefore,
at least in Europe, extremely favorable for different types of soil
development corresponding to a complete restructuring of the
environment and of the local ecosystems. The modeling experi-
ments by Sima et al. (2009, 2013) indicate that the dust emission
was extremely reduced during GIs. This is probably due not only to
increased precipitation over the dry source areas, but also to more
developed vegetation, e.g. grass. More frequent floodings of the
main river valleys or higher water levels have to be considered as
well, as they represented common suppliers of coarse dust particles
during the stadials (Rousseau et al., 2014), especially from late
winter to early summer, the time interval simulated as most
favorable for dust emission in Europe.

A pattern emerges therefore after ranking the different paleo-
sols observed in Nussloch and Stayky, the two key reference se-
quences investigated along the 50�N transect, located at a distance
of about 1800 km (Fig. 7). It reflects both the exposure of the
studied sequences to the heat and moisture transported from the
Atlantic Ocean, and the intensity of the soil development mainly as
a function of temperature and time. The estimated time values for
the whole pedogenesis are nevertheless maximal with the exact
duration of soil development being probably much shorter espe-
cially for the gleys (Fig. 7). All identified gleyed horizons are of short
maximum duration, never longer than 1000 years and varying
down to about 200 years, the latter corresponding to less expressed
units in the stratigraphy. On the contrary, the brown arctic paleo-
sols clearly indicate a maximum duration varying from a minimum
of 1600 years for the youngest (GI 8) to about 4200 years for GI 14,
so far also the longest of the considered 60 ka �23 ka interval
(Table 1, columns f, g; Table 2, columns c,f,cc,ff).

Knowing i) the abruptness of the change in environmental
conditions between full stadials and interstadials, and ii) the
maximum duration of the soil development concerned, the ques-
tion of the end of a particular episode and the start of the eolian
deposition in Europe still remains. In the observed stratigraphies,
the upper limit of a paleosol is always particularly well-
differentiated from the overlying loess unit. For the time con-
cerned, this upper limit (the former surface) usually corresponds to
the start of the soil development. However, this upper limit of the
paleosol represents i) the older abrupt transition event and going
downward the soil moves the stratigraphy to younger ages, and ii)
the youngest boundary of the overlying new eolian interval.
Comparing our continental records with the Greenland data as we
do in the present study, it would be easier and simpler to consider
the time during which the dust deposition is lowest until the first
event encountered in the record (Rousseau et al., 2007b), corre-
sponding to some important change occurring in the records.
However, considering now the high-resolution data from NGRIP,
such strategy is no more conceivable because of the complexity of
the records, which would lead to an overinterpretation of the
available data. This is thus a more complicated issue that cannot be
addressed with the present continental material and tools available
for this study. Therefore, we prefer adopting a conservative position
by proposing that the dust eolian deposition resumed in Europe
somehow at the dates considered for the maximum duration of the
interstadials.

5. Conclusions

The high resolution d18O and dust concentration records ob-
tained from the NGRIP ice-core that was drilled at the top of the
Greenland ice-sheet reveal important patterns of abrupt climatic
changes referred to as Dansgaard-Oeschger events. They are related
to environmental and climatic changes that impacted Europe and
are mainly preserved in the loess sequences located on a longitu-
dinal transect at 50�N. The perfect correspondence between the
Greenland interstadials and the paleosols succession described
from the studied loess sequences also at high resolution allows to
determine two main categories in the identified European soil
horizons, with estimation of a maximum soil development which
still remains indicative and corresponds to a maximum duration of
development. Indeed, although tundra gleys and oxidized horizons
correspond to a maximum development duration varying between
1000 and 200 years along the transect, the better developed brown
arctic soils correspond to intervals of maximum soil formation
varying between 4200 and 1600 years when visually determined
and 4800 and 1700 years when algorithmically determined. The
transition phase between stadial conditions to interstadial ones,
corresponding to a maximum of warming and of decrease in dust
concentration, occurred in Greenland ice within almost identical
time intervals: 55.4 ± 16.1 (visual) versus 36.4 ± 13.4 (algorithmic)
years for the d18O and 56.8 ± 19.6 (visual) versus 60.0 ± 21.2
(algorithmic) years for the dust. This remains abrupt in mid-
latitude Europe at an ecosystem level and is marked by a sharp
boundary in the field between the considered paleosol and the
overlying loess eolian unit. The temperature changes reconstructed
from measurements of d15N in the same ice-core indicates that on
average, the warming which lasted about 56 years was of 11.8 �C
over Greenland (Kindler et al., 2013). This is considerable but fits
with the observed changes in the stratigraphy, even if at mid-
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latitude Europe the warmings might have been less intense than
over Greenland. This abruptness, which is similar to the ones
described for the Late Glacial of the same record, still permits to
interpret that the paleosols developed almost instantaneously
every time as a response to drastic climate changes, especially in
temperature and precipitation favoring biological activity of vari-
able intensity. The dust deposition over Europe almost ceased due
to these very rapid changes allowing terrestrial ecosystems to
evolve very rapidly from the parental eolian material with scarce
vegetation to more vegetated ones in response to the new climate
conditions. An estimate of when the eolian deposition resumed in
Europe is not easy to establish; probably during the return towards
stadial conditions but there is no argument yet to strongly support
such assertion. Therefore we remain considering the restart of the
eolian deposition, by convention, at the end of the interstadial.
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