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The continuing development of analytical methods for investigating sedimentary records calls for iterative re-
examination of existing data sets obtained on loess-palaeosol sequences (LPS) as archives of palaeoenvironmental
change.Here,we re-investigate twoLPS (Hecklingen,Zilly) in thenorthernHarz foreland,Germany, beingof interest
due to their proximity to the Scandinavian Ice Sheet (SIS) and the positionbetween oceanic climatic influence further
west and continental influence towards the east. First, we established new quartz OSL and polymineral IRSL
chronologies. Bothmethods showconcordant ages in the upper part of theHecklingenprofile (~20–40 ka), but in the
lower part IRSLunderestimatesOSLages byup to ~15 ka for the period 40–60 ka. Interpretations hence refer to the
OSLdata set. Second, we appliedBayesian age-depthmodelling to data sets fromHecklingen to resolve inversions in
the original ages, also reducing averaged 1r uncertainty by ~19% (OSL) and ~12% (IRSL). Modelled chronologies
point out phases of increased (MIS 2, early MIS 3) and reduced (middle and late MIS 3) sedimentation, but
interpretation of numerical rates is problematic because of intense erosion and slopewash particularly duringMIS 3.
Finally, previously obtained grain-size data were re-investigated by end member modelling analyses. Three
fundamental grain-size distributions (loadings) explain themeasureddata sets andoffer informationon intensityand
– combined with modelled OSL ages – timing of geomorphic processes. We interpret the loadings to represent (i)
primary loess accumulation, (ii) postdepositional pedogenesis and/or input of aeolian fine fractions, and (iii) input of
coarse aeolian material and/or slope wash. The applied modelling tools facilitate detailed understanding of site-
formation through time, allowingus to correlate a strongpeak inmeangrain size at~26–24 ka to themaximumextent
of the SIS and increased influence of easterly winds.
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The northern Harz foreland, Germany, is close to the
former southern borderof theWeichselian Scandinavian
Ice Sheet (SIS) and comprises large areas covered by
loess. Research on the distribution and characteristics of
loess-palaeosol sequences (LPS) in the region is thus of
special interest for reconstructing Pleistocene palaeocli-
matic conditions in ice-marginal environments (Rei-
necke 2006; Lehmkuhl et al. 2016). Atmospheric dust
dynamics, palaeowind velocity and change in main
palaeowind directions during individual phases of a
glacial cycle in the vicinity of the SIS margin can be
retrieved from LPS proxy data in that area. As such, the
Harz foreland also represents an essential link for
comparative Late Pleistocene palaeoenvironmental
reconstructions from the western and oceanic parts of
Europe to the more continental areas in eastern Europe.

Furthermore, due to rain-shadow effects of the Harz
Mountains the easternpart of thenorthern forelandonly
receives modern precipitation ≤500 mm a–1 (D€oring
2004; Fig. 1). This small-scale gradient from an oceanic

climate in the west to a continental one in the east offers
the possibility to study the environmental effects of such
variations for the past.

However, most studies north of the Harz Mountains
focused on the transitional zone and its silt- and sand-
sized Weichselian aeolian sediments (Poser 1951;
Brosche&Walther 1978;Gehrt 1994;Gehrt&Hagedorn
1996; Hilgers et al. 2001). One of the few recent
investigations on LPS in the northern Harz foreland by
Reinecke (2006) addressed two LPS outcrops near the
villages Hecklingen and Zilly (Fig. 1). While the Zilly
profile preserves only Lateglacial loess, the LPS at
Hecklingen encompasses amore continuous recordback
toMIS3at least (Reinecke2006).This is in starkcontrast
to observations from Saxony, Poland and western
Ukraine, indicating a strong erosional phase causing
large depositional gaps in most places (e.g. between ~65
and ~35 ka; Jary & Ciszek 2013; Meszner et al. 2013).

Krauß et al. (2016) re-investigated the LPS at Heck-
lingen and Zilly, applying amulti-proxy approach (grain
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size, geochemical (XRF, CNS), colour and rock mag-
netic analyses). For chronological correlation, they used
re-calculated infrared stimulated luminescence (IRSL)
ages by Reinecke (2006). However, this study raised
several questions on the chronology of different layers:
for instance, data of the assumed MIS 3 soil complex
indicate more than one phase of soil development and
intercalated erosional events (Krauß et al. 2016), imply-
ing that the period displayed in the preserved material
likely exceeds 10 ka in Hecklingen (Blume et al. 2016).
However, IRSLages showan inversionbetween the layer
below and the assumed MIS 3 complex and therefore
only a short period available for pedogenesis. Addition-
ally, Krauß et al. (2016) obtained data indicating wind

directionchanges towards strongereasterlywindsduring
the local Last Glacial Maximum (lLGM). They further
assumed age underestimation of Reinecke’s (2006) ages
by 4–6 ka (Frechen & Schirmer 2011; Schmidt et al.
2011;Zensetal.2017)andatimingof theLGMfrom26.5
to 19.0 ka (Clark et al. 2009). These discrepancies and
assumptions call for further reliable chronometric con-
trol on loess deposition. Moreover, previous IRSL ages
were not corrected for anomalous fading, an effect
causing age underestimation (e.g. Wintle 1973; Huntley
& Lamothe 2001).

When sedimentation rates as proxies of dust activity
and loess depositional dynamics are to be inferred from
chronostratigraphical data, age inversions – although to

Fig. 1. A.Annual precipitation innorthernGermany.Data adapted fromKargeret al. (2017).B.Glacial extent during theLastGlacialMaximum
(modifiedfromEhlersetal.2011).StudysitesZillyandHecklingen(Gleina forcomparison) in theNorthEuropean loessbelt.The loessdistribution
is according to Lehmkuhl et al. (2018). In the Netherlands the data are based on the geological map (scale 1:600 000; Zagwijn &Van Staalduinen
1975) and for Poland (Dobrza�nski et al. 1974) national soil maps were digitized.
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be expected forgeomorphological and statistical reasons
and a common phenomenon – pose major problems in
interpretation. The IRSL ages by Krauß et al. (2016)
contain such an age inversion in the lower part of the
Hecklingen profile. Here, Bayesian age-depthmodelling
represents a viable tool because (i) age inversions do not
exist inmodelled data and (ii) uncertainty canbe reduced
considerably. The method was first applied to radiocar-
bon dates mostly in archaeological contexts (e.g. Buck
et al. 1991, 1996; Bronk Ramsey 1995), but compara-
tively fewmethodological studies onBayesianmodelling
of stratigraphically ordered luminescence samples
(Rhodes et al. 2003; Millard 2004; Comb�es & Philippe
2017; Zeeden et al. 2018; Lanos & Dufresne 2019) and
only a small number of applied investigations exist
(Noppradit et al.2018; Peri�c et al.2019;Fenn et al.2020).
Such age-depth modelling, however, can potentially
resolve the problem of a too short period of pedogenesis
of the MIS 3 soil complex at Hecklingen, resulting from
the age inversion in the previous IRSL data set.

Another constraint inherent to the proxy data by
Krauß et al. (2016) is the selection of specific grain-size
fractions taken to be indicative of source area, trans-
port pathway, intensity and characteristics of aeolian
geomorphic as well as (post)depositional processes. In
general, grain size is a sensitive proxy of the listed
factors (e.g. Doeglas 1968; Vandenberghe 2013; �Ujv�ari
et al. 2016; Vandenberghe et al. 2018) and the ISO
14688 standard separation into sand, silt and clay based
on the logical mathematical classification of Atterberg
(1905) is often used to describe sediment characteristics
including transport energies and modes (Assallay et al.
1998; Blott & Pye 2012). However, natural processes do
not always follow such imposed categorizations, and
the reconstruction of source area and driving transport
regimes should thus avoid predefined grain-size classi-
fications. Moreover, grain-size populations character-
istic for the source material and transport process can
be multi-modal or overlapping, further complicating an
interpretation based on fixed grain-size classes (Dietze
& Dietze 2019). Deterministic (e.g. Gan & Scholz 2017)
and robust (probabilistic; e.g. Dietze et al. 2012;
Paterson & Heslop 2015; Dietze & Dietze 2016) end
member modelling analyses (EMMA) allow extraction
of informative and unbiased subpopulations from bulk
grain-size data, indicative of involved materials, trans-
port modes and postdepositional alteration. It seems
therefore worthwhile applying EMMA to the grain-size
data by Krauß et al. (2016) for the Hecklingen and Zilly
LPS to explore if unconstrained and unbiased extrac-
tion of grain-size subpopulations allows for new
findings beyond existing interpretations on palaeowind
characteristics.

The aim of this paper is to tackle the mentioned
challenges and inconsistencies by producing new quartz
OSL and polymineral IRSL ages for the LPS at Heck-
lingenandZilly.Thenewchronometricdatawill allowre-

evaluation of part of the palaeoclimate proxy data by
Krauß et al. (2016) and resolution of the discrepancies
arising with their IRSL data set.We apply Bayesian age-
depth modelling to circumvent age inversions and
increase the precision of the luminescence chronology
of the Hecklingen profile. In addition, we perform
EMMA with the grain-size data previously obtained
for both sites and place median and modelled grain-size
data as a proxy for palaeowind velocity onto the
modelled OSL chronology to estimate sedimentation
rates for the Hecklingen record. Finally, we re-evaluate
the previous chronometric and proxy data for the study
sites and discuss the implications within the wider
context of dust flux and palaeoenvironments in the
North European loess belt.

Study sites and previous research

TheprofilesHecklingen (latitude51°50.4510N, longitude
11°31.5800E, altitude 106 m a.s.l.) and Zilly
(51°56.2800N, 10°50.6430E, 182 m a.s.l.) are located in
the northern and northeastern Harz foreland in Ger-
many, respectively (Fig. 1). Rain-shadow effects of the
Harz Mountains influence the current climate condi-
tions in this region, whereas in the west a stronger sub-
oceanic influence is registered (Fig. 1; Haase et al. 1970;
D€oring 2004; Reinecke 2006; Fabig 2007; Krauß et al.
2013, 2016). Pleistocene deposits within the northern
Harz foreland are mainly loose sediments and vary in
thickness, composition and sedimentary origin. The
loess-covered areas are part of the northern European
loess belt (Lehmkuhl et al. 2016).

During theElsterianandSaalianglacial cycles, theSIS
covered the northern Harz foreland, and during the last
glacial this region belonged to the periglacial area with
the ice margin further north (Fig. 1). Therefore, pre-
served loess sediments only date back to the last glacial
period and form a 40–50 km wide belt of Weichselian
loess (Fig. 1). Generally, the loess cover rarely exceeds
2.5 m of thickness.

According to Krauß et al. (2016), the Hecklingen
section (Fig. 2, left) comprises from top to bottom a
grey tundra gley (supposedly MIS 4) at the base
followed by a loess layer and a truncated soil (MIS 3).
This is overlain by a presumably MIS 3 soil complex of
2 m thickness and a stony loess layer containing large
amounts of gravel, followed by a ~4-m-thick loess
complex with four intercalated tundra gley soils (Gelic
Cryosols, MIS 2). The uppermost 1.2 m represents the
recent soil complex.

In the Zilly section (Fig. 2, right), a ~4-m-thick loess
complex with three intercalated tundra gleys (MIS 2) is
preserved.Theuppermost 1.2 mof the profile represents
the recent soil complex. Based on proxy data, both
profiles were divided into different units (units I to VI in
Hecklingen and units I to III in Zilly), as displayed in
Fig. 2 and explained in detail in Krauß et al. (2016).
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Photographs of the cleaned profiles are compiled in
Figs S1–S5.

In 2003/2004, A. Hilgers (University of Cologne)
performed IRSL measurements for polymineral silt-
sized samples from the Hecklingen and Zilly sections.
Since Reinecke (2006) published these ages without
additional information concerning thedatingprocedure,
this data setwas re-evaluatedbyKrauß et al. (2016) using
different signal integration intervals and statistical pro-
cessing. Main procedural differences between the previ-
ous IRSL data set (Krauß et al. 2016) and the here
presentednewpolymineral IRSLagesrefer tothepreheat
conditions (270 °C for 10 s vs. 270 °C for 120 s), the
IRSL reading temperature (50 vs. 125 °C), an inserted
‘hot-bleach’ at the end of each SAR cycle (only newdata
set) and themethods used fordose rate assessment (c-ray
spectrometryvs. thick-sourcea-countingandICP-OES).
Asummaryof the IRSLagesbyKrauß et al. (2016) along
with relevant dose rate data is given in Table 1.

Material and methods

Luminescence dating

During fieldwork, neither suitable organic or carbon-
bearing material for radiocarbon dating nor tephra was

found that could provide numeric or relative age control
for theHecklingenandZillyLPS.Therefore, in 2014 eight
new luminescence samples from the Hecklingen profile
and two new luminescence samples from the Zilly profile
were taken by hammering steel tubes into the cleaned
profilewalls.Doseratesamplesweretakenfromthematrix
in the vicinityof the luminescence sampling holes relevant
for the contribution of c-radiation. Unfortunately, it was
not possible to obtain samples from identical sampling
locations asused for theprevious IRSLdata set (Reinecke
2006; Krauß et al. 2016) due to erosion of the profile
sections in between the two sampling campaigns.

The preparation of luminescence samples was con-
ducted following common procedures for the lumines-
cence fine grain (~4–11 µm) technique (Berger et al.
1980; refer to Data S1 in Supporting Information for
details, also on instrumentation for luminescence mea-
surements).

For OSL equivalent dose (De) determination on
quartz, a single aliquot regeneration (SAR) protocol
(Murray &Wintle 2000; Table 2) was applied, using the
signal integrated from the first 0.6 s of the decay curve
minus a background averaged from the last 7.5 s. The
dose points (signal integral vs. dose) were fitted with a
single saturating exponential function. The De of
polymineral samples was determined using a modified

Fig. 2. Stratigraphy and lithological description of the loess-palaeosol sequences of Hecklingen and Zilly.
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IRSL SARprotocol, building on previous experience by
Preusser (2003), Rother et al. (2010) and Faust et al.
(2015). While employing a preheat at 270 °C for 120 s
prior to IRSL readout for 300 s at 90% LED power and
125 °C, it additionally allows for a resting period of
20 min between preheat and IR stimulation (Table 2).
This pause is intended to minimize anomalous fading
(e.g. Wallinga et al. 2001; Balescu et al. 2003), which
frequently causes De underestimation of feldspar-bear-
ing samples (Wintle 1973). Except for sample BT1543, a
‘hot-bleach’ of 300 s IR stimulation at 270 °C was
inserted at the end of each SARcycle to reduce the signal
carry-over to the next cycle. The dose points, obtained
from the signal integral of the first 2 s of the IRSL decay
curve corrected for a background averaged from the last
50 s, were fitted with a single saturating exponential
function. For details on fading and residual dose
experiments, see Data S1, Table S1 and Fig. S6.

To find optimal preheat conditions and a thermally
stable signal, OSL preheat plateau tests (PPT; BT1534,
BT1537, BT1540) and dose recovery tests (DRT; OSL:
BT1534, BT1537, BT1541; IRSL: BT1537) (e.g.Murray
&Wintle 2003)were conducted in the range 180–260 °C,
while preheat and cutheat temperatures were identical
(for further details refer to Data S1). All De values were
calculated with the Analyst software (version 4.31.9;
Duller 2015) and employing the central age model
(CAM; Galbraith et al. 1999). Aliquots not fulfilling
the following criteria were rejected: (i) initial signal >3r
above background (with r being the standard deviation
of the background), (ii) test dose error ≤10%, (iii)
recuperation <5%, (iv) recycling ratio between 0.9 and
1.1, and (v) IR depletion ratio differs <3% from unity
(OSL only).

Dose rate samples were analysed by thick-source a-
counting (Aitken 1985; Z€oller & Pernicka 1989) and
ICP-OES to quantify U, Th and K concentrations.
Prior to radioelement analyses, sediment samples were
homogenized to ensure that minute, cm-scale variations
in radioactivity were averaged.Moisture estimation was
mainly based on measured water contents of the
samples but includes an additional absolute uncertainty
of 5% to take into account moisture fluctuations during
burial time. Samples from the Zilly site showed unusu-
ally low water content of 1%, certainly not reflecting a
representative value for the burial period. We therefore
adopted an assumed moisture content of 12.5�5% for
the two samples. The sediment cover was estimated to
50% of the present value for cosmic dose rate calcula-
tion. Following Mauz et al. (2006) and Schmidt et al.
(2018), an a-value of 0.030�0.003 (OSL) or 0.08�0.02
(IRSL) was assumed for a-dose rate calculation. Dose
rates and luminescence ages were calculated with
DRAC (v1.2; Durcan et al. 2015) using conversion
factors from Gu�erin et al. (2011), a-attenuation factors
from Brennan et al. (1991) and b-attenuation factors
from Gu�erin et al. (2012).T

ab
le

1.
Su

m
m
ar
y
of

IR
SL

ag
es

as
pu

bl
is
he
d
by

K
ra
uß

et
al
.(
20

16
;r
e-
ca
lc
ul
at
ed

fr
om

R
ei
ne
ck
e
20

06
).
D
os
e
ra
te
ca
lc
ul
at
io
ns

ar
e
ba

se
d
on

ra
di
on

uc
lid

e
co
nc
en
tr
at
io
ns

fr
om

la
bo

ra
to
ry

c-
ra
y

sp
ec
tr
om

et
ry

an
d
eq
ui
va
le
nt

do
se
(D

e)
de
te
rm

in
at
io
n
on

si
ng

le
al
iq
uo

tr
eg
en
er
at
io
n
(S
A
R
)m

ea
su
re
m
en
ts
fo
llo

w
in
g
M
ur
ra
y
&
W
in
tl
e
(2
00

0)
an

d
W
al
lin

ga
et
al
.(
20

00
).
M
ai
n
di
ff
er
en
ce
sb

et
w
ee
n
th
is

pr
ev
io
us

ap
pr
oa

ch
an

d
ou

rn
ew

da
ta

se
ti
nc
lu
de

th
e
pr
eh
ea
tc
on

di
ti
on

s(
27

0
°C

fo
r1

0
sv

s.
27

0
°C

fo
r1

20
s)
,t
he

IR
SL

re
ad

in
g
te
m
pe
ra
tu
re
(5
0
vs
.1
25

°C
),
an

in
se
rt
ed

‘h
ot
-b
le
ac
h’

at
th
e
en
d
of

ea
ch

SA
R
cy
cl
e
(o
nl
y
ne
w
da

ta
se
t)
an

d
th
e
m
et
ho

ds
us
ed

fo
r
do

se
ra
te
as
se
ss
m
en
t(
c-
ra
y
sp
ec
tr
om

et
ry

vs
.t
hi
ck
-s
ou

rc
e
a
-c
ou

nt
in
g
an

d
IC

P
-O

E
S)
.

L
ab

or
at
or
y
co
de

Sa
m
pl
e
co
de

D
ep
th

(m
)

n1
R
ec
yc
lin

g
ra
ti
o

D
e
(G

y)
K

(w
t.
%
)

T
h
(p
pm

)
U

(p
pm

)
H

2O
co
nt
en
t

m
ea
s.
(w

t.
%
)

H
2O

co
nt
en
t

(w
t.
%
)

To
ta
lḊ

(G
y
ka

–
1 )

IR
SL

ag
e
(k
a)

C
-L
13
05

H
C
K
-1

1.
40

4/
4

0.
96
�0

.0
1

56
.0
�3

.0
1.
41
�0

.0
3

7.
73
�0

.5
8

2.
30
�0

.1
3

5
12

.5
�5

3.
16
�0

.1
8

17
.8
�1

.4
C
-L
13
06

H
C
K
-2

2.
35

6/
6

0.
96
�0

.0
1

79
.4
�4

.2
1.
50
�0

.0
3

9.
30
�0

.5
1

2.
50
�0

.2
1

13
12

.5
�5

3.
46
�0

.2
0

22
.9
�1

.8
C
-L
13
07

H
C
K
-3

3.
55

6/
6

0.
96
�0

.0
2

79
.3
�4

.2
1.
52
�0

.0
3

9.
64
�0

.5
9

2.
41
�0

.1
3

14
12

.5
�5

3.
44
�0

.1
9

23
.1
�1

.8
C
-L
13
08

H
C
K
-4

5.
25

6/
6

0.
91
�0

.0
2

16
6.
9�

11
.1

1.
47
�0

.0
3

8.
76
�0

.5
4

2.
22
�0

.0
9

13
12

.5
�5

3.
24
�0

.1
8

51
.5
�4

.5
C
-L
13
09

H
C
K
-5

7.
75

6/
6

0.
94
�0

.0
1

15
0.
6�

8.
1

1.
42
�0

.0
3

8.
06
�0

.4
6

2.
15
�0

.1
8

11
12

.5
�5

3.
11
�0

.1
8

48
.5
�3

.8
C
-L
13
10

H
C
K
-6

8.
55

6/
6

0.
93
�0

.0
1

15
7.
7�

8.
5

1.
28
�0

.0
3

6.
62
�0

.3
7

1.
57
�0

.1
2

13
12

.5
�5

2.
55
�0

.1
4

61
.9
�4

.7
C
-L
13
86

Z
IL

-1
0.
80

6/
6

0.
95
�0

.0
2

55
.3
�2

.9
1.
79
�0

.0
4

9.
00
�0

.5
0

2.
28
�0

.2
8

3
12

.5
�5

3.
66
�0

.2
0

15
.1
�1

.1
C
-L
13
87

Z
IL

-2
1.
35

6/
6

0.
95
�0

.0
2

50
.4
�2

.7
1.
59
�0

.0
3

7.
92
�0

.6
1

2.
20
�0

.1
0

3
12

.5
�5

3.
32
�0

.1
8

15
.2
�1

.1
C
-L
13
88

Z
IL

-3
2.
28

6/
6

0.
96
�0

.0
1

50
.1
�2

.6
1.
51
�0

.0
3

7.
98
�0

.5
2

2.
28
�0

.0
8

2
12

.5
�5

3.
27
�0

.1
8

15
.4
�1

.2
C
-L
13
89

Z
IL

-4
2.
44

6/
6

0.
94
�0

.0
1

54
.1
�2

.8
1.
55
�0

.0
3

8.
61
�0

.5
3

2.
44
�0

.2
0

1
12

.5
�5

3.
42
�0

.1
9

15
.8
�1

.2

1 A
cc
ep
te
d
in

re
la
ti
on

to
m
ea
su
re
d
nu

m
be
ro

fa
liq

uo
ts
.

BOREAS Loess-palaeosol records in the northern Harz foreland, Germany 5



Bayesian age-depth modelling

Age-depth modelling was done using the ADMin
method (Zeeden et al. 2018), which is especially tailored
for luminescence data. The age-depth model inferred
fromthenewOSLageswas then taken toplacedataonan
age scale through linear interpolation betweenmodelled
ages. To this aim, the function tune() in the R (R Core
Team 2020) package ‘astrochron’ (v0.9; Meyers 2014)
wasused.Forcomparativepurposes, the sameprocedure
was performed with the grain-size data in conjunction
with the ‘old’ IRSL data set by Krauß et al. (2016) to
reveal the changes in interpretation associated with the
new OSL chronology.

Unmixing grain-size data by end member modelling
analyses

Details on raw grain-size data generation are given in
Krauß et al. (2016). TheRpackage ‘EMMAgeo’ (Dietze
et al. 2012; Dietze &Dietze 2016, 2019) served to extract
grain-size populations representing most closely source
material, pedologic and geomorphic processes. Initially,
the number of useful end members was established,
thereafter end member analysis was performed without
specifying weight transform limits or enforcing specific
sums for scaling. However, these parameters have little
influence over the result and different settingswould not
result in different interpretations.

Results

Luminescence dating

The OSL signal of all samples decays to instrumental
background levelwithin<10 s (Fig. 3A).Hence, it canbe
assumed that the signal integral used to construct the
dose-response curve is dominatedby the thermally stable
fast component. Dose-response curves can be well fitted
with a single saturating exponential function (Fig. 3A),
while the characteristicdose saturationvaluesD0 (Wintle

& Murray 2006) vary between ~100 and ~150 Gy. PPTs
indicate that for temperaturesof 180–260 °CtheSARDe

values of samples BT1534, BT1537 and BT1540 do not
vary significantly (Fig. 3B). A preheat temperature of
220 °C (middle of the preheat plateau) was therefore
adopted for theDRTs, whichwere successful with a dose
reproducibility better than 2% for sample BT1534 (given
dose 52.4 Gy), while a slight tendency for dose under-
estimation becomes apparent for sample BT1537 (7%
underestimation for196.3 Gygivendose).Therecovered
dose of sample BT1541 is 11% lower than the given dose
of 130.9 Gy (Table 3). With a recovery ratio of
0.98�0.01 a given dose of 179.8 Gy could be accurately
reproduced for polymineral sample BT1537 with the
IRSL SARprotocol. A residual dose of 6.7�0.4 Gywas
subtracted fromall IRSLDe values and considered in the
DRT.

IRSL fading tests indicate generally negligible to low
fading rates for all measured samples.While for samples
BT1535 and BT1543 all of the five aliquots yielded g-
values not significantly different from zero, results from
sample BT1539 gave g-values between 0.51�1.50 and
2.50�1.44% per decade. Averaged g-values of samples
BT1535, BT1539 and BT1543 amount to 0.62�0.65,
1.37�0.72 and 0.67�0.39% per decade, respectively
(n = 5 in all cases, uncertainty given as 1r standard
deviation; Table S1 and Fig. S6). However, due to the
additional resting period of 20 min between irradiation
and measurement an additional ‘fading’ time delay of
only ~1.5 decades could be achieved. Fading correction
was applied to all IRSL ages using the average of all
measured g-values (0.89�0.14% per decade) and the
function calc_FadingCorr() in the R package ‘Lumines-
cence’ (Kreutzer et al. 2012a; Kreutzer 2020), following
the approach by Huntley & Lamothe (2001). The IRSL
ages corrected for fading and residual dose are statisti-
cally indistinguishable from the uncorrected IRSL ages.

Results from radioelement analyses, moisture deter-
mination and cosmic dose rate calculation are compiled
in Table 4, whileDe values, total dose rates and ages are
summarized inTable 5.Acorrelativeoverviewof thenew

Table 2. OSL and IRSL protocols used to determine the equivalent dose. Step 1 is skipped for the first cycle (measuring the natural OSL or IRSL
signal).

OSL IRSL

Step Procedure Signal Step Procedure Signal

1 Irradiation with regeneration dose 1 Irradiation with regeneration dose
2 Preheat at 220 °C for 10 s 2 Preheat at 270 °C for 120 s
3 OSL at 125 °C for 40 s Lx 3 Pause for 20 min
4 Irradiation with test dose 4 IRSL at 125 °C for 300 s Lx

5 Cutheat to 220 °C 5 Irradiation with test dose
6 OSL at 125 °C for 40 s Tx 6 Preheat at 270 °C for 120 s
7 Return to step 1 7 Pause for 20 min

8 IRSL at 125 °C for 300 s Tx

9 IRSL at 270 °C for 300 s
10 Return to step 1

6 Christoph Schmidt et al. BOREAS



OSL and IRSL ages is shown in Fig. 4A for the
Hecklingen profile, and a summary of all luminescence
ages along with their positions in the Hecklingen and
Zilly sections is given in Fig. 5.

In Hecklingen, OSL De values and ages increase
with depth from 75.0�0.7 Gy (21.9�1.4 ka) to
205.8�2.8 Gy (59.9�3.8 ka), except for two ages
being slightly younger than the adjacent upper
samples (BT1539 at 4.70 m and BT1535 at 9.35 m).
IRSL data yields De values between 69.8�4.5 and
178.4�17.1 Gy and fading-corrected ages in the
range 19–49 ka. Except for sample BT1540, OSL
and IRSL chronologies agree within uncertainty up
to ~40 ka (~6 m depth; units II.I to V.I), while OSL
ages are generally older than IRSL ages. Below this
depth, IRSL yields consistently younger ages for
samples BT1536 and BT1537, as compared to OSL.
The stratigraphically lowermost sample in Hecklin-
gen produced OSL and IRSL ages overlapping again
at 1r (52.8�3.3 and 49.1�5.6 ka, respectively). Both
OSL and IRSL ages do not significantly increase
with depth below ~7 m, and, unlike the OSL
chronology, the IRSL data set does not contain
significant age inversions. Considering recent
methodological investigations (see further discussion
below), OSL and IRSL ages in the lower part of the
profile might suffer from underestimation.

Bayesian age-depth modelling

Calculated probability density functions (PDFs) of
random uncertainties in luminescence ages for both the
OSL and IRSL data sets from theHecklingen profile are
plotted in Fig. 6. They visualize the relative degree of
random uncertainty that is able to explain the observed
age inversions in the data set (Zeeden et al. 2018). Due to
the high number of age inversions in the OSL data set, a
high randomuncertaintymust be assigned, and the PDF
curve starts to rise only above~50% randomuncertainty.
By contrast, the IRSL data set can be explained
reasonably well with randomuncertainties starting from
10–20%. A comparison of original and modelled ages
alongwith their 1runcertainties is shown inFig. 4B and
Table 5.

The derivation of sedimentation rates and the re-
interpretation of palaeoenvironmental proxy data
will, however, be based on modelled OSL ages alone.
The reason is that signal fading has not been
reported for OSL from non-volcanic quartz but
cannot be entirely excluded as a reason for the
underestimated IRSL ages from the lower part of the
Hecklingen profile.

Sedimentation rates inferred from the modelled OSL ages

While it is not possible to derive trends in sedimentation
rate from the original (‘un-modelled’) OSL or previous

IRSL (Krauß et al. 2016) ages, the modelled OSL ages
suggest three intervals of rather stable mean sedimenta-
tion rates for the Hecklingen LPS (Fig. 4B). While
generally the delineation of changes in sedimentation
rate from age-depth plots has an inherently subjective
element to it, the changes in dust accumulation rates for
the Hecklingen site can be clearly constrained to the
lower and upper boundary of the MIS 3 soil complex.
Until ~54 ka, sedimentation rates are in the order of
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Fig. 3. A. Dose-response curves of 21 aliquots of sample BT1543,
approximated by single saturating exponential functions. The inset
shows a typical naturalOSLdecay curve of the same sample. B.Results
of the preheat plateau test for samples BT1534, BT1537 and BT1540.
Thedashed line indicates the preheat plateau.Datapoints represent the
average and standard deviation of three (BT1537) or four aliquots
(BT1534andBT1540).

Table 3. Results of the dose recovery test for the silt-sized quartz and
polymineral samples measured by OSL and IRSL. Uncertainties are
given as 1r standard error.

Sample Method Givendose (Gy) Recovereddose (Gy) Ratio

BT1534 OSL 52.4 51.5�1.4 0.98�0.02
BT1537 OSL 196.3 181.8�1.1 0.93�0.01
BT1541 OSL 130.9 116.5�2.0 0.89�0.01
BT1537 IRSL 179.8 177.4�1.9 0.98�0.01
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0.44 m ka–1. From ~54–28 ka, sedimentation rates are
lower and at 0.11 m ka–1 on average. Thereafter, they
increase again to a level of ~0.45 m ka–1. Note that the
model does not make any initial assumptions on the
sedimentation process and that it cannot differentiate
between intervals including erosion and those charac-
terized by low sedimentation rates. These reservations
apply in particular to units V.I and V.II, where phases of
soil erosion and subsequent deposition of soil sediment
were inferred from lithology and geochemical data (Ba/
Sr andRb/Sr ratios;Krauß et al. 2016). In comparison to
LPS formed at plateau positions, the topographic
situation at Hecklingen may favour distortions of the
calculated sedimentation rates due to erosion and/or
accumulation of material from further upslope. This
shouldbekept inmindwhenassessing thevalidityof such
sedimentation rates and contrasting them with values
obtained at LPS that formed in different genetic settings.

End member modelling analysis (EMMA) of grain-size
data

Applying the EMMAgeo algorithm results in three
multi-modal grain-size populations (‘loadings’) as the
best description of the grain-size data set of the Heck-
lingen profile, characterized by maxima at ~25, ~35 and
~400 µm. The coarsest loading has additional peaks at
~55 and ~200 µm of roughly the same relative intensity.
The EMMAgeo algorithm suggested two to seven
loadings for the Zilly grain-size data set, but for reasons
of consistency we decided to use three loadings here as
well.Maximaof the loadingsareat~15,~30and~50 µm.
Generally, the loadings obtained for the two sites show
two to three additional sub-modes towards larger grain-
size values (Fig. 7A, B). The end member scores as the
relative contribution of each loading are shown against
sampling depth for the two profiles in Fig. 7C, D. Grain
sizeclass-wise explainedvarianceamounts to74and77%
for Hecklingen and Zilly, and the sample-wise explained
variation averages to 89 and 83%, respectively (Fig. S7).
Figures S8 and S9 show the modelled loadings and
scores at both sites along with the ‘classically’ obtained

grain-size contributions (sand, silt, clay). A more
detailed description of the modelled grain-size data sets
will be provided in the next section when they are
referenced to age by placing themonto the Bayesian age-
depth model.

Placing proxy data onto the Bayesian age model

To demonstrate the effect of Bayesian age-depth mod-
ellingon the interpretationof sedimentaryproxydata for
palaeoenvironmental reconstruction, we first compare
the old ‘linear IRSL’ with the new ‘Bayesian OSL’
chronology for the proxy ‘mean grain size’ (see Krauß
et al. 2016, 2017 for the data set). The ‘Bayesian OSL’
model in combination with the mean grain size shows a
shift compared to the ‘linear IRSL’ model (Fig. 8) and
two main changes in the timing of enhanced mean grain
size. (i)The increasedmeangrain sizedocumented for the
MIS 3 soil complex is extended time-wise. While
according to the ‘linear IRSL’ age model grain size
reduces to values around 30–40 µm at ~38–37 ka and
thus longbefore terminationofMIS3, thenewagemodel
implies a roughly contemporaneous reduction of grain
size with the end of MIS 3 at ~29 ka. (ii) The threefold
and strong peak in mean grain size during MIS 2 is
‘squeezed’ time-wise according to the new age model,
approximately by a factor of 3. It now represents a
comparatively short period between ~26 and ~24 ka.

The results from EMMA as placed onto the Bayesian
OSLagemodel are shown inFig. 9 for the three loadings
derived for the Hecklingen profile. The most character-
istic feature is the drop to zero of loading 1 duringMIS2,
which is considerably shortened indurationwith the new
age model (from ~4 to ~1–2 ka). Furthermore, the peak
in relative contribution of loading 1 is shifted from ~36–
34 ka in late MIS 3 to ~28–27 ka in early MIS 2
(Fig. 9A).Theperiodof completeabsenceof loading2 in
the data set is extended time-wisewith the newagemodel
from a duration of ~15 to ~20 ka and now reaches into
earlyMIS2,while it endedat~35 ka (MIS3)with theold
age model. Additionally, the four peaks in relative
abundance of loading 3 previously occurring between

Table 4. Results fromradioelementanalyses,moisture contentandcosmicdose rate for the luminescence samples fromHecklingenandZilly.Note
that all analytical values and are given with 1r uncertainty.

Laboratory code Field code Depth (m) K (wt.%) Th (µg g–1) U (µg g–1) H2O content
meas. (wt.%)

H2O content (wt.%) Cosmic Ḋ (Gy ka–1)

BT1543 HCK1_10 2.00 1.80�0.18 9.13�0.94 3.04�0.28 5 12.5�5 0.187�0.019
BT1542 HCK1_9 2.40 1.78�0.18 7.15�0.82 3.26�0.25 10 12.5�5 0.182�0.018
BT1540 HCK1_6 4.10 1.78�0.18 7.75�0.87 3.63�0.27 6 12.5�5 0.164�0.016
BT1539 HCK1_5 4.70 1.90�0.19 8.85�0.92 3.56�0.28 12 12.5�5 0.158�0.016
BT1538 HCK1_4 6.00 1.60�0.16 9.22�0.93 3.18�0.28 11 12.5�5 0.147�0.015
BT1537 HCK1_3 7.75 1.54�0.15 8.70�0.92 3.48�0.28 6 12.5�5 0.132�0.013
BT1536 HCK1_2 8.50 1.65�0.17 9.42�0.97 3.71�0.29 7 12.5�5 0.127�0.013
BT1535 HCK1_1 9.35 1.58�0.16 9.25�0.95 3.58�0.29 10 12.5�5 0.121�0.012
BT1534 Zil1_3 1.30 1.97�0.20 8.76�0.98 2.88�0.30 1 12.5�5 0.204�0.020
BT1533 Zil1_1 2.40 1.82�0.18 8.88�1.02 3.41�0.31 1 12.5�5 0.185�0.019
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~20and~27 kaarecondensed in timewith thenewmodel
to a time window at ~26–24 ka (Fig. 9B). Finally,
loading 3 (Fig. 9C) represents grain sizes >55 µm and
most closely resembles the mean grain-size data set
shown in Fig. 8 and described earlier. The sediment–age
relationship of the grain-size data plottedwith thin lines
in Figs 8 and 9 is based on extrapolation beyond the
youngest and oldest available luminescence ages and
must therefore be interpreted with care.

Discussion

Luminescence methodology

Contrasting the new OSL against the IRSL data set
generated on identical samples, it appears that in the
upper part of the profile (<6 m) IRSL ages are system-
atically underestimated by ~1–5 ka as compared toOSL
ages, although four out of the five samples in this section
(BT1538–BT1543) overlap within 1r uncertainty. If this
observation is related to fading that was not adequately
corrected for, remains open at this point. Slight inaccu-
racies in the chosen dose rate parameters (e.g. a-value)
could likewise cause an offset between OSL and IRSL
ages.

A somewhat different picture emerges for the lower
part of the profile (>6 m), encompassing samples
BT1535–BT1537. Here, two out of the three samples
yield OSL and IRSL ages significantly different from
each other (at 1r), while IRSL ages underestimate OSL
ages by ~4–15 ka. Both OSL and IRSL ages do not
significantly increase with depth here, which could be
explained either by high sedimentation rates at the base
and below the soil complex of units V.I and V.II or by
onset of dose saturation for bothOSL and IRSL signals.
Although OSL De values are well below the 2D0

threshold, the commonly accepted criterion for reliable
SAR dose estimation, age underestimation of OSL fine
grain samples cannot be ruled out. Such behaviour has
frequently been reported from loess records and other
environments across Eurasia (e.g. Lai 2010; Lowick &
Preusser 2011; Kreutzer et al. 2012b; Moska et al. 2015,
2019) and associated with the differing shape of natural
and laboratory-generated dose-response curves (Chapot
et al. 2012; Timar-Gabor & Wintle 2013; Timar-Gabor
et al. 2015). Consequently, these OSL ages could be
regarded as minimum ages. Additionally, for reliable
estimation of D0, dose-response curves should be con-
structed up to full saturation (Timar-Gabor & Wintle
2013). For IRSLdata, signal saturation is not considered
a major problem withD0 in the range 300–350 Gy.

Comparison with the previous IRSL chronology

The new OSL and IRSL chronologies of the upper part
(<5 m) of the Hecklingen profile conform within uncer-
tainties with the re-calculated IRSL ages byKrauß et al.T
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(2016) (Tables 1, 5), with the new ages generally appear-
ing to be slightly older. However, since the sampling
positions of the two sets of samples (Fig. 5) are not
identical, a direct numerical comparison including sig-
nificance tests is not possible. In the lower part of the
profile, the upper IRSL ages (BT1536 andC-L1309; unit
VI.I) assigned to MIS 4 appear to be underestimated,
while the lowermost IRSL age by Krauß et al. (2016)
roughly corresponds to stratigraphical expectations.The
OSL age of sample BT1535 (52.8�3.3 ka; unit VI.II)
mightbeunderestimated, as indicatedby theDRTresults
of an adjacent sample (Table 3). A systematic underes-
timation of the Krauß et al. (2016) IRSL data cannot be
confirmed, because some of the ages seem plausiblewith
regard to the new OSL chronology (e.g. C-L1310) or
show even an older age (C-L1308).

Comparing the dose rate data from Reinecke (2006)
and Krauß et al. (2016) to those of the new OSL and

IRSL results, it becomes clear that determined radioele-
ment concentrations and thus the total dose rate for the
more recently taken samples are systematically higher,
especially for the Hecklingen profile. In particular, the
K and U values measured by a-counting and ICP-OES
significantly exceed those determined by c-ray spec-
trometry (K by ~16% and U by ~50%). Therefore, dose
rates calculated for the new IRSL samples are on
average ~25% greater than those of the previous
samples. Despite intercalated zones of pedogenesis
potentially enriched in radioactivity, loess is an overall
homogeneous sediment, and within analytical uncer-
tainties we could not establish a correlation between the
presence of a palaeosol (tundra gley or the MIS 3 soil
complex) at a sampling spot and the measured
radioelement concentration. Since some of the samples
were taken in approximately comparable stratigraphical
positions, a systematic difference of the dose rate values
of both data sets is hence unexpected and points to
inaccuracies in some of the analytical procedures for
dose rate determination. Consequently, some of the
mismatch between old and new luminescence chronolo-
gies could be attributed to issues in dose rate assess-
ment.

OSL ages of samples BT1536 (59.9�3.8 ka) and
BT1537 (57.6�3.6 ka) support the previous assumption
(Krauß et al.2016) that the truncated transition zoneof a
former MIS 3 soil (unit V.II) and the loess layer below
(unitVI.I) havea similar ageand therefore the former soil
must have developed in the loess layer. Furthermore, the
age of sample BT1538 (40.6�2.7 ka) suggests indeed
that theMIS 3 soil material (unit V.I) was re-located and
pedogenically overprinted after re-deposition as previ-
ously proposed.

The new OSL ages at Zilly of ~15 ka are indistin-
guishable (within 1r uncertainty) from the previous
IRSL ages, irrespective of the sampling position. This
seems to rule out substantial anomalous fading in the
latter ages, being consistentwith the observation that the
newly generated IRSL ages show significant age under-
estimation only beyond 40 ka.

Identical OSL ages of samples BT1534 and BT1533
support the results of geochemical and grain-size proxies
discussed in Krauß et al. (2016), indicating high accu-
mulation rates of predominantly silt-sized (~80%),
unaltered material during MIS 2.

Bayesian age-depth modelling

Generally, Bayesian age-depth models use the initial age
information togetherwith the stratigraphicalprincipleof
superposition commonly leading to abetter understand-
ing of the true age and reduced uncertainty (Bronk
Ramsey 2009; Zeeden et al. 2018). Outliers can be
problematic for such modelling approaches and affect
ages and credible intervals for the entire modelled
sequence. Some methods allow the setting of outlier
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probabilities (Parnell 2018), which we did not include
here.

The 1r credible interval assumes that all ages are true
(and no outliers) and that the uncertainty derived from
luminescence dating is correct. Most models assume
uncertainty tobe fully random,whichallowsamaximum
in uncertainty reduction. The ADMin model applied
here (Zeeden et al. 2018) assumes the reported uncer-
tainty to be correct, but deliberately does not make an
initial assumption about which proportions of the
reported uncertainty are systematic or random. Rather
it derives this information from the data set itself in a
probabilistic manner. This is expected to lead to less
increase in accuracy,which, however, ismore realistic for
luminescenceages.Yet, anunsolved issue is the treatment
of data points that might be subject to a systematic
uncertainty larger than those for the remaining data
points, or which are characterized by an asymmetric
systematic uncertainty. For instance, this becomes rele-
vant for luminescence ages probably underestimated as

indicated by diagnostic laboratory tests, or for lumines-
cence ages derived from poorly bleached sediment such
as soil that has undergone gelifluction. For those cases, a
statistically valid procedure is still pending, but beyond
the scope of this contribution.

For the Hecklingen profile, the modelled ages (both
OSL and IRSL) show a consistent stratigraphy with
increasing age corresponding to increasing depth. For
most samples, original andmodelled ages showoverlap-
ping 1r uncertainty, and several samples hardly change
in age. Themodelled uppermost and lowermost samples
are not obviously younger or older than expected, which
is a good model outcome, as outermost samples can
indicatemodellingproblems(BronkRamsey2000;Steier
& Rom 2000). In our data set, the age-depth modelling
reduces 1r uncertainty by 19 and 12% on average for
OSL and IRSL ages, respectively, ranging from 1 to 37%
and from �3 to 18% for individual samples. This
corresponds to results by Zeeden et al. (2018), who
found uncertainty reduction of 21–30% for a loess data
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set with more samples. The youngest IRSL sample
showed an increase in uncertainty following age-depth
modelling,whichmightbean issueofboundaryeffects in
the modelling process.

Finally, it is possible that the age inversions in theOSL
and IRSL data sets are not of pure statistical origin but
related to geomorphic processes. The location of the two
LPS close to the former ice margin favours periglacial
processes suchasgelifluction, leading to spatio-temporal
variations in bleaching conditions and therefore poten-
tially to age inversions. Likewise, temporal changes in
dose rate induced by varying moisture/ice content in the
sediment or secular disequilibria in the U decay series
could also produce reversed ages (Degering & Degering
2020). The change in grain-size composition with a
higher proportionof loading 1at<4.70 mmight indicate
a shift in source areawith material of different lumines-
cence properties, hence potentially triggering age inver-
sions as well.

Age-depth modelling and grain-size unmixing for an
improved interpretation of palaeoenvironmental proxy
data

The endmember modelling results (Fig. 7) demonstrate
how complex LPS are in their function of documenting
palaeoenvironmental developments over time. The

loadings alone (Fig. 7A, B) would not allow a detailed
evaluation of the proxy data since they represent the
entire profile without distinguishing between different
phases. This is especially problematic when LPS include
different phases of soil development. Contextual knowl-
edge about the investigated systems is therefore vital to
interpret the results correctly (Dietze & Dietze 2019).
Thus, the interpretation of the sequences attempted here
additionally takes into account the results ofKrauß et al.
(2016).

In Hecklingen, loading 1 (Fig. 7A) very likely
includes postdepositional soil formation and aeolian
deposition of finer fractions without distinguishing
between the two with depth (Fig. 7C). Vandenberghe
et al. (2018) state that clay minerals might reach similar
grain sizes in their pristine shape as dust sediments and
hence recommend including all available site informa-
tion (cf. Vandenberghe 2013; Schulte & Lehmkuhl
2018). Loading 3 (Fig. 7A) seems to include portions
of aeolian but also slope wash deposits of coarser
material. However, loading 2 (Fig. 7A) shows a single
peak at 35 µm, lying within the range of European
loess. Vandenberghe et al. (2018) and Dietze & Dietze
(2019) suggest that it is possible to unmix grain-size
composition and identify the primary windblown
signal after alteration and potentially filter out the
characteristic imprint of reworking processes. Thus, we
interpret loading 2 as the primary loess end member
representing dominant westerly wind directions (e.g.
Renssen et al. 2007), since the two other loadings might
display different geomorphic and pedogenic processes.
The bottom of the sequence is mainly composed of
loadings 1 and 2 (Fig. 7C). Following the penultimate
argumentation, results display a phase of pronounced
deposition of aeolian material at the bottom, which
decreases continuously towards the top in favour of
finer material, indicating successive soil development in
the deposited loess material. The mean grain size
combined with the Bayesian OSL age-depth model
(Fig. 8) shows a substantial improvement in reasonable
timing of the loess accumulation phase and first
pedogenesis during MIS 3. Figure 9 gives a more
detailed picture of the continuously lowering contribu-
tion of loading 2 towards pedogenesis, matching the
timing of MIS 3 interstadials and soil development
well.

Between 7 and 6.5 m depth, a sudden switch in the
contribution of different loadings indicates an erosional
event that might have truncated the assumed soil
(Fig. 7C). Up to ~5 mdepth loadings 1 and 3 contribute
alternating but similar scores. This suggests shallow
slope wash and re-deposition of soil sediment but also
pedogenic overprinting by formation of finer grained
secondary clay minerals. During weathering processes,
iron oxides are released and material is coloured brown-
ish to reddish (brunification), the primary minerals are
transformed, and secondary clay minerals form as well
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(loamification, e.g. Blume et al. 2016). Geochemical and
colour data in Krauß et al. (2016) support the assump-
tion of pedogenically overprinted soil sediment.

This phase is bordered by a 100% contribution of
loading 1at~4.7 m, indicating either erosion followedby
sedimentationor a rapid burial of the soil complex. Since
no intactA-horizonwas left andalmost all palaeosolsare
more or less truncated, wepropose theEMMAresults to
reflect erosion followed by loess accumulation. This
agreeswith the Bayesian OSL agemodel putting the end
of the MIS 3 soil complex at ~29 ka (Figs 8, 9). The
varying proportions between loadings 1 and 2 at ~4.5–
3.5 mmight represent tundra gleys (E0, E1, E2, Fig. 5).

At ~3.5 m loadings 2 and 3 solely make up the grain-
size composition (Fig. 7C).Considering that loading 1 is
completelymissing, loading3might in this case represent
rather aeolian deposition of coarser material than
reworking of material. Further, the uniqueness of the
layer (~3.4–2.8 m) also argues for a change of source
contribution and thereforewind direction.Geochemical
and colour data of Krauß et al. (2016) support this

assumption and indicate a shift of wind direction
towards stronger and more frequent easterly winds
during a postulated time frame confined more or less to
the LGM. The strong influence of the SIS and its last
maximum extent should receive more attention as a
major cause for these shifts than the overall influence of
the Greenland Ice Sheet. The timing and the number of
ice advances of the SIS are still a matter of debate and
under investigation (L€uthgens et al. 2020).

The Bayesian OSL age model puts this accumulation
phase in a narrower time window of 26–24 ka as
compared to the linear IRSL age model (Figs 8, 9).
Considering the findings of Hughes et al. (2016) and
L€uthgens & B€ose (2011), it is thus possible that this
accumulation phase in MIS 2 is connected to the most
southerly extent of the SIS and its stronger influence on
atmospheric circulations in the region, causing easterly
winds with strong dust storms. However, the most
pronounced east wind activity in the Eifel (western
Germany) appears to fall into the period 23–20 kawith a
short interruption near 21 ka (R€omer et al. 2016).
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Hughes et al. (2016) showed that the end of this period
accords with the Pomeranian ice limit across northern
Germany and Poland.

Further up-profile, the dominance of loading 1 sug-
gests a further tundra gley (E4; Fig. 5) at 2.8–2 m.
Between 2 and 1.2 m the slight dominance of loading 2
indicates the last enhanced accumulation of aeolian
material. Above, a 1.2-m-thickHolocene soil developed,
showing reworking of material probably due to deep
ploughing during the 40 years of the German Demo-
cratic Republic.

As the time frame preserved is different at Zilly
(Fig. 5), loadings show a different composition than at
Hecklingen (Fig. 7A, C). However, loading 2 could be
interpreted as the primary loess end member displaying
regular westerly wind induced dust storms. Loadings 1
and3also seem to include aeolian componentsbutmight
aswell showamixtureofprocess signals (Fig. 7B).At the
bottom of the sequence, EMMA suggests a different
input source through high relative contributions by
loading 3 (Fig. 7D), indicating a shift towards a coarser
aeolian component. However, at Hecklingen the scores
of loadings 2 and 3 behave similarly during the most
southerly extent of the SIS, while they behave contrarily
at thebottomof theZilly profile (Fig. 7D). This suggests
thatatZillya shortphaseduring thedepositionof the last
cover loess and post-LGM ice sheet retreat initiated a
switch of source material assuming that loading 2
represents dominantly westerly winds. At ~3–2.5 m the
sediment composition is almost solely explained by
loading 2; loading 1 takes the lead from ~1.2 m towards
the top. Above 2.2 m, loading 2 represents a phase of
windblown sediments, in which the Holocene soil
successivelydeveloped.As loading3 ismissing fordepths
<1 m, themodern soilwasnot plougheddeeply, unlike in
Hecklingen.

Comparison with neighbouring loess areas

The following comparison of our results from the
northern Harz foreland with those from neighbouring
loessareas is restricted towell-studiedLPSsoutheast and
east of our study area. Further to the west or southwest
well-studied LPS appear only quite far away along the
Lower Rhine Embayment with different actual climate
and much greater distance from the LGM ice advance
(see Fig. 1). Thick loess occurrences in Saxony and
Lower Silesia (western Poland), however, are also situ-
ated at the periphery of the Central European Lowland
towards the Upland (Ore Mountains, Sudetes) and
affected by the drier andmore continental climate in the
rain-shadow of the Harz Mountains and the northern
ridges of the BohemianMassif.

The ‘Gleinaer Bodenkomplex’ (Gleina Pedocom-
plex) was supposed to represent cumulative interstadial
pedogenesis from the upper part of the Middle Weich-
selian (Lieberoth 1963). More recent studies (Meszner
et al. 2013, 2014) on Saxonian LPS and a composite
profile demonstrated, however, that based on OSL
dating this complex marks an important gap in loess
sedimentation between 60 and 30 ka in central Europe.
Therefore, this sequence is designated as the ‘Gleina
Complex’ (without the word ‘Boden’, i.e. ‘soil’). As far
as loess-like material of the Gleina Complex (III) is
preserved at all, it consists of brownish and gleyic
remnants of interstadial soils and is characterized by
repeated re-deposition. The Gleina Complex is esti-
mated to be some 30 ka old, following a phase with
strong erosion. The thick loess above the Gleina
Complex (~30–18 ka) looks foliated in its lower part
(IIb) and like homogenous loess in its upper part (IIa).
So far, a strong similarity between loess of the Harz
foreland and of Saxony is apparent.

The composite profile of Saxonian LPS reaches
further back in time than the Hecklingen profile, and a
comparison of both below the Gleina Complex is
questionable with respect to the present database. The
drier position of Hecklingen compared to Gleina may
explain the preservation of the Hecklingen soil complex
despite some evidence of re-deposition (coarser embed-
ded material, loading 3 in Figs 7C, 9C).

Meszner et al. (2014) pointed out two major
phases with loess accumulation throughout the
northern branch of the European loess belt. This
can be confirmed from Hecklingen via Saxony to
Silesia, where a ~3-m-thick interstadial soil complex
is preserved between ~2 m of underlying and ~6 m
overlying stadial loess at the Lower Silesian LPS
Biały Ko�sci�oł, 40 km south of Wrocław (Jary &
Ciszek 2013; Moska et al. 2019). According to
luminescence ages, a hiatus accompanies the inter-
stadial soil complex, which may be some 15 to 27 ka
long (Moska et al. 2019). In the section at Zaprez _zyn,
16 km northeast of Wrocław and closer to the LGM
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ice advance, this erosional unconformity is twofold
and ~34 ka long.

Conclusions

We established newOSL and IRSL chronologies for two
LPS (Hecklingen, Zilly) in the northern Harz foreland,
which are of particular interest for palaeoenvironmental
researchdue to their proximity to themaximumextentof
the SIS. Application of a Bayesian age-depth model was
successful in resolving age inversions in the Hecklingen
OSL and IRSL records and produced a consistent age-
depth relationship. Thereby, we significantly increased
precisionof individual ages (by~19and~12%onaverage
for OSL and IRSL). Although fading-corrected, IRSL
underestimates OSL in the lower part of the Hecklingen

profile, and further inferences were based on the OSL
data set. While the modelled age-depth relationship
technically facilitates the calculation of sedimentation
rates, its validity has to be carefully assessed owing to the
non-continuous nature of the LPS at Hecklingen,
featuring erosive phases and re-location through slope
wash.

The effect of the new Bayesian OSL age model for the
Hecklingen site as compared to previous IRSL ages was
demonstrated with the grain-size data set compiled in a
precursorstudy(Kraußetal.2016):inputofcoarseaeolian
material extends over amuch longer period inMIS 3 until
its terminationat~29 kaandthesharppeakofmeangrain
size inMIS2canbeconstrainedtoamuchshorter interval
(~26–24 ka). This distinct accumulation of relatively
coarse aeolian sediments in MIS 2 can thus be more
confidently correlated to the maximum extent of the SIS
and strong easterly winds prevailing during that period.

Finally, EMMA of the grain-size data by Krauß et al.
(2016) allowed us to identify three fundamental end
members for the Hecklingen and Zilly sections that can
be interpreted to represent characteristic geomorphic
processes such as the deposition of primary loess, slope
wash of relatively coarse material or the breakdown of
grain sizes due to pedogenesis. Combining the EMMA
results with the new Bayesian OSL age model created a
high-resolution record of environmental dynamics trac-
ing changes in dominating geomorphic processes inde-
pendent of imposed grain-size classifications.

We conclude that the new chronometric data along
with the Bayesian age-depth and grain-size end member
modelling offered a series of new insights into palaeoen-
vironmental dynamics in the study area. As such, these
modelling approachesmight represent an incentive to re-
evaluate existing LPS or other sedimentary data sets to
fully unfold the potential of these records.
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Fig. S1. Lowest 2.5 m of the cleaned Hecklingen profile.

Fig. S2.CleanedHecklingen profile at adepthof~7–5m.

Fig. S3.CleanedHecklingen profile at adepthof~5–2m.

Fig.S4.Uppermost 3mof the cleanedHecklingenprofile.

Fig. S5.Uppermost (left) and lowermost (right) parts of
the cleaned Zilly section.

Fig. S6.Fading rates expressed as g-values (normalized to
2 days; Huntley & Lamothe 2001), as derived with the
modified IRSL SAR protocol (see Table 2 in the main
text) for the samples BT1535, BT1539 and BT1543.

Fig. S7. Class-wise and sample-wise explained variance
of the grain-size data sets from Hecklingen (A) and
Zilly (B), as derived from the application of the
EMMAgeo program (Dietze et al. 2012; Dietze &
Dietze 2016, 2019).

Fig. S8. Semi-generalized stratigraphyof theHecklingen
site (fromKrauß et al. 2016) with classical main grain-
size classes (clay, silt, sand) and the scores of the three
loadings obtained by applying the EMMAgeo algo-
rithm after Dietze et al. (2012) and Dietze & Dietze
(2016, 2019).

Fig. S9. Semi-generalized stratigraphy of the Zilly site
(fromKrauß et al. 2016) with classical main grain-size
classes (clay, silt, sand) an the scores of the three
loadings obtained by applying the EMMAgeo algo-
rithm after Dietze et al. (2012) and Dietze & Dietze
(2016, 2019).

Table S1. Summaryof fading ratesmeasured for samples
BT1535, BT1539 and BT1543with the IRSL protocol
outlined in Table 2. The shown g-values are normal-
ized to a delay time of 2 days.

Data S1.Details of luminescence dating procedures.
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