S.1 Statistical analyses and assessment protocol of AMS measurements

In this study, we employ the most common anisotropy parameters that are used to investigate the nature of

magnetic fabrics in LPS.

Lineation (L) is defined as :Izr: and represents the long shapedness of an AMS ellipsoid (1)
Foliation (F) is defined as :;[:; and describes the oblateness of the AMS )

(Tarling and Hrouda, 1993)
The corrected degree of anisotropy of magnetic susceptibility (Pj) (Jelinek, 1981) is defined as
Pj=expy {2 [(Muax-m)* + (vt - nm)? +(nuv-nm)? 1} 3)

Where nm are the natural logarithms of principal susceptibility values (e.g.nmax = In Kpux) and nm = =

; TMAX X TINT x TIMIN
This parameter defines the anisotropic nature of a sample.

The shape parameter (T) (Jelinek, 1981)

2 X ( MINT - MAX- MMIN)
I=——————— 4
(MMAX- NMIN) ( )
can be used to identify an oblate (7= 1 to 0) or prolate (7' = -1 to 0) shape of the ellipsoid whilst 7= 0 indicates

triaxial neutral shape.

The statistical significance of the anisotropy, foliation and lineation were checked for each specimen. For this, we
use the parameters F'/2 and F23 based on F-statistics for anisotropy (Jelinek, 1977). F12 values >4 and F23 values
>10 indicate significant anisotropies (Jelinek, 1977). Whilst 12 indicates the degree of anisotropy testing in the
plane that contains Kyux and Ky (lineation), F23 represents the plane Kjvr-Kuy (foliation; Jelinek, 1977). E12
shows the uncertainty in the direction of Ky4x of the magnetic foliation plane and represents the 95% confidence

angle for the azimuth of Kyx (Jelinek, 1977; Zhu et al., 2004).

We test a data assessment protocol for the magnetic fabric similar to the one applied by Koéltringer et al. (2021)
that bases on experience in loess research (e.g., Lagroix and Banerjee, 2004). Here, we keep all samples that fulfil
criteria of primary aeolian magnetic origin: Samples that show a clearly detectible magnetic lineation and foliation
(F12 > 4; F23 > 10°) and characteristics “typical” of aeolian magnetic fabrics (sub-horizontal K4y and about
vertical Kyqyv) with sub-horizontally deposited loess exhibiting Kyzy inclination >70°, in which E12 does not exceed
20. F is distinctly higher than L; Pj shows a similar trend to F indicating that F controls the shape of the AMS
ellipsoid. Positive 7 values indicate oblate susceptibility ellipsoids that may represent gravitationally dominated
primary magnetic fabrics (oblateness may also indicate depositional or compacted material loading). In addition,
we reject all samples that exhibited a Pearson correlation coefficient in the range from -0.5 to 0.5 between F and
Pj. Only in case these criteria are fulfilled, and no evidence for post-depositional processes are indicated by

stratigraphy, we interpret the magnetic fabric towards reconstruction of palaco-wind directions.



S.2 Topographic impact to the evolving AMS

To estimate possible topographic impacts to the evolving AMS (e.g. by the dip of the surface on which particles
are deposited), we compare our outcomes with those from section with a similar geographic setting as suggested
by Hus (2003). For this, we selected the Koblenz-Metternich LPS (Reinders, 1999) that provides a comparable
geographic and geomorphological setting with thick southerly exposed Upper Pleistocene loess deposits covering
the Lower Middle terrace of the Mosel River close to its confluence with the Rhine River (Reinders, 1999). Here,
an impact of the topography to loess deposition to the AMS is reported only for the lowermost section that directly
covers the terrace surface (0 to 3.5 m) through a pronounced orientation of Kmax parallel to the strike of the terrace,
following the course of the Mosel River from west to east. The younger part of the Metternich LPS consisting
mainly of primary aeolian loess shows north or north-southward tendency of Kmax and the orientation of the AMS
ellipsoids agrees with the primary sedimentary/magnetic fabric (Reinders, 1999). At the Schwalbenberg, the
terrace surface of the Rhine Lower Middle Terrace 1 is located at 79 m a.s.1., 8 m below the base of the RP1 profile.
Stereoplots (S1) show no sign of imbrication towards a slope (Rees, 1966; Bradak et al., 2020) as seen elsewhere
for partly redeposited loess (Zeeden and Hambach, 2021). Based on our comparison between both LPS (Koblenz-
Metternich and Schwalbenberg), we argue that the topography did not influence the AMS in the RP1 profile in a

relevant way
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Fig. S1: Stereoplots and rose diagrams for the anisotropy of magnetic susceptibility including all results (primary and secondary
magnetic fabric) and those for loess and reworked loess sections. Apart from reworked loess, which shows a random orientation,
most samples in loess exhibit a SSW-NNE orientation indicating only limited alteration of the original magnetic fabric (see
main text for further explanation).
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Fig. S2: Stereoplots and rose diagrams for the anisotropy of magnetic susceptibility including all results (primary and secondary
magnetic fabric) and those for Gelic Gleysols and Calcaric Cambisols. Gelic Gleysol and Calcaric Cambisol samples are
predominantly oriented to NNE. Similar orientations can be observed for samples in Calcaric Cambisols which carry a primary
magnetic fabric only (see main text for further explanation). This suggests only minor alteration of the primary magnetic fabric
by pedogenesis at the Schwalbenberg for the investigated period. Compared to loess samples, however, Calcaric Cambisols are
aligned to NE and not to SW, may suggesting differences in palaeo-wind directions among both sediment/soil types. As we
cannot differentiate between both opposing wind directions based on AMS, this remains to be further investigated.

S.3 Additional factors controlling the AMS

Cross plots of anisotropy parameters are frequently used to infer possible palacoenvironmental processes that
dominated during the formation of diverse sediment/soil types (Taylor and Lagroix, 2015; Bradak et al., 2020).
Below, we plotted the corrected degree of anisotropy against the foliation. The close correlation between F and Pj
indicate foliation control of the anisotropy. Systematically higher F and Pj values in Gelic Gleysols reflects new
alignment of particles through increased pore water contents in these embryonic soils that are prone to water-

logging and freeze-thaw cycling effects.
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Fig. S3: Relationship between Foliation (F) and the corrected degree of anisotropy (Pj) including all samples (primary- and
secondary magnetic fabric) in Calcaric Cambisols (), Gelic Gleysols (=), loess () and reworked loess sections (). Overall,
most Gelic Gleysol and some reworked loess samples show the highest degree of /" and Pj indicating new alignment of particles
through increased pore water contents.
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Fig. S4: Linear Relationships between Foliation (F) and factors potentially influencing the evolving AMS represented by the
U-ratio, Kmean and fCl (values indicated by small symbols are not considered for linear regression analyses). A pronounced
positive linear relationship can be observed between F and U in the Upper Section of RP1 (OIS 2) (uppermost graph, left) that
are prone to re-alignment of particles by freeze-thaw dynamics (Gelic Gleysols of SU 15, 20) and sediment reworking (SU 16).
In contrast, loess of SU 7 and some Calcaric Cambisols (SU 8, SU 5) in the Lower Section of RP1 correlated to OIS 3 show a
clear negative linear relationship between U-ratio and F (uppermost graph, right). This indicates that fine silt components,
typically deposited during milder interstadials, contribute to the evolving AMS and that the established magnetic fabric can
survive secondary alteration at least in relatively weak Calcaric Cambisols and loess layers. For the Lower Section of RP1
characterised by intensive pedogenesis, some Calcaric Cambisols (SU 2 and SU 6) related to GIs 8 and 7 (SU 2, SU 6) indicate
secondary alteration of the magnetic fabric likely by neo-formation of ferrimagnetic minerals during soil formation (positive
linear relationship between F and Kmean).

High F and Pj values can also be observed for some reworked loess samples for which re-alignment of particles
occurred during their re-deposition. Both mechanisms may lead to grain sorting possibly causing a positive linear
relationship between U-ratio and F (S4 uppermost graph, left). In contrast, a negative linear relationship between
U-ratio and F in weak Calcaric Cambisols and loess units of OIS 3 may indicate that fine silt particles contribute

to the evolving AMS and that the primary magnetic fabric may be preserved in these sections. In contrast, a close
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relationship between Kmean and F in stronger developed palaeosols indicates that the primary magnetic fabric is

overprinted/erased by neo-formation of ferrimagnetic particles.

S.4 Additional information on sample pre-treatment for isotope analyses

Samples were pre-treated with 0.5 M acetic acid twice to dissolve pedogenic calcite whilst preserving most
primary- siliciclastic minerals as well as clay minerals (Asahara et al., 1999). After each acetic acid treatment, the
samples were washed three times with Millipore deionised water. The leached material (0.26 g to 0.37 g) was
digested using a three-stage process 6 ml 48% HF (AR grade) and 1 ml trace grade 68% HNOs3; 1 ml of trace grade
HNOs; and 5 ml of Millipore water; and finally, 5 ml of 6 M trace grade 37% HCI. In all stages the acids were
added to the sample in a Teflon bomb, sealed and heated at 150°C for 8 hours then opened and dried down.

The Sr and Nd fraction of the samples were purified by cation exchange chromatography using Bio Rad analytical
grade AG 50 WX8 200-400 mesh hydrogen form to separate the Sr and rare earth elements (REE including the
Nd fraction). The Nd was further purified and separated from the other REE by using Eichrom® Ln Resin 100-150
um. We determined '*Nd/ '*Nd and ¥’Sr/®°Sr using an Isotopix Phoenix TIMS device through multi-dynamic
analyses.

For instrumental quality control, NIST SRM 987 reference material (*’Sr/®°Sr = 0.710255 £+ 0.000013 at 26, n =
5) and JNdi-1 reference material (**Nd/'*Nd = 0.512103 £ 0.000004 at 26, n =7) were run alongside the samples.
A typical internal 2SE for 100 ratios of data for each of the samples is 0.000011 for ¥Sr/*Sr and 0.000002 +2SE
for "3Nd/'"*Nd. For analytical process quality control international CRM material BCR2 (USGS) was leached,
digested and analysed alongside the samples. The BCR2 results are®’Sr/°Sr = 0.705068 + 0.000056 at 26, n=6
(leached and unleached) and eNd = -0.24 + 0.12 at 26, n=4 (unleached only). In addition, we performed repeats of
selected samples throughout the RP1 profile (Table 1 and 2).

Table S1: Additional data on quality control for Nd isotopes (duplicate measurement for selected samples across
the RP1 profile).

Measurements Identifier Depth [m] Std error %  Included eNd
ratios

original RP1 StNd 2 0.35-0.40 0.0002 121 -11.15
repeat 0.0002 119 -11.08
original RP1_SrNd_3  0.80-0.85 0.0003 119 -11.50
repeat 0.0002 121 -11.55
original RP1_SrNd_11 3.10-3.15 0.0002 122 -10.87
repeat 0.0003 127 -10.86
original RP1 _SrNd 19 4.35-4.40 0.0003 122 -11.98
repeat 0.0002 119 -12.23
original RP1_SrNd 25 5.00-5.05 0.0002 121 -11.40
repeat 0.0002 122 -11.58




Table S2: Additional data on quality control for Sr isotopes (duplicate measurement for selected samples across

the RP1 profile).

Measurements Identifier Depth [m] Std error %  Included 87Sr/36Sr
ratios

original RP1 SrNd 11 3.10-3.15 0,0008 152 0.722239
repeat 0,0026 62 0.722143
original RP1 SrNd 25 5.00-5.05 0,0009 134 0.726556
repeat 0,0005 142 0.726917
original RP1_SINd 29 540-545  0,0006 156 0.72507

repeat 0,0009 151 0.725135

Table S3: Input data for sediment mixing models from slates of the Rhenish Massif and Pleistocene Periglacial
Slope Deposits (PPSD) (Moragues-Quiroga et al., 2017).

Site Identifier Material Sr [ppm]  Nd [ppm]  ¥Sr/36Sr eNd

Rhenish Massif SP1 Saprolith 96 43.11 0.741 -13.21
Rhenish Massif Sp2 Saprolith 81 35.83 0.742 -13.87
Rhenish Massif SP3 Saprolith 102 45.39 0.739 -13.25
Rhenish Massif SP4 Saprolith 113 59.72 0.739 -12.78
Rhenish Massif SP5 Paralith 98 37.89 0.742 -13.75
Rhenish Massif PPSD2 Cambic 94 37.48 0.734 -13.97
Rhenish Massif PPSD3 Regolith 110 42.35 0.739 -13.95
Rhenish Massif PPSD4 Regolith 126 54.1 0.737 -13.79

Table S4: Input data for sediment mixing models from the suspended load of the Rhine river (Sr and Nd isotopes
and Nd concentration by Tricca et al., (1999), Bi-monthly Sr concentration data (mean) from January 2011 to
December 2016 (van der Perk and Vilches, 2020).

Site Identifier Material Sr [ppm] Nd [ppm]  ¥Sr/*Sr eNd
Rhine 3575:Rhine Susp. residue 0.720

Rhine RESrSusp4029r4rRhine  Susp. residue -9.32
Rhine 4029r4residue Susp. residue 11.10

Rhine Susp. Sed. 194.65

Table S5: Input data for sediment mixing models from volcanic rocks of the Odenwald (Siebel et al., 2012).

Site Identifier

Material

Sr [ppm]

Nd [ppm]

87Sr/%6Sr eNd

Odenwald SEE

flasergranitoid

207

11.9

0.709 -5.13




Table S6: Input data for sediment mixing models from the Laacher See Tephra as endmember for mantle derived
material (Worner et al., 1985).

Site Identifier Material Sr [ppm]  Nd [ppm]  ¥'Sr/%¢Sr eNd
Eifel Laacher See Tephra 500 49 0.705 -0.35
S.S Grainsize and weathering effects on Sr and Nd isotopes

Grainsize sorting and weathering effects are well known to potentially change the original Sr isotopic composition
of sediments, whereas the impact of both factors on eNd may be low to absent (cf. (Eisenhauer et al., 1999; Tiitken
et al., 2002; Feng et al., 2009). For the Schwalbenberg, we tested these relationships. Overall, the Sr isotope ratios
(cf. S5) tend to depend on weathering and grainsize in the clay and sand fractions (note that we used bulk sediment
samples, not separated for their grainsize fractions). In contrast, there is no evidence for a considerable dependency
between eNd, weathering and grainsize in our dataset (cf. S6), supporting the application of eNd as a robust

provenance tool at the Schwalbenberg.
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Fig. S5: Biplots showing the relationship between weathering (Rb/Sr; uppermost graph) and selected grainsize fractions to the
Sr isotopic composition at the Schwalbenberg. The higher the degree of weathering or percentage of clay, the more radiogenic
the Sr isotopic composition of samples tend to be (1> = 0.33 between clay and 7%6Sr), potentially limiting the use of ¥7/%Sr,
especially in Calcaric Cambisol (Symbology: Calcaric Cambisols (®), Gelic Gleysols (m), loess (+) and reworked loess sections
(*)). No linear relationship between silt and 7%Sr is evident (12 = 0.06). In contrast, a weak negative relationship between
sand and 7%6Sr (1> = 0.10) can be observed.
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Fig. S6: Biplots showing the relationship between weathering (Rb/Sr; uppermost graph) and selected grainsize fractions to the
Nd isotopic composition at the Schwalbenberg. No obvious relationship can be oberserved between weathering, grainsize and
eNd (Symbology: Calcaric Cambisols (¢), Gelic Gleysols (), loess (+) and reworked loess sections (7)) supporting the
application of eNd as a sophisticated and robust provenance tool.
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