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Abstract

Loess proportions in slope deposits have rarely been quantified, due to the lack of quantification
methods. In this study, we used laser granulometry to analyze grain-size distributions in slope
deposits of a Buntsandstein landscape in central Germany. The consistent loess contents ob-
tained from two independent models corroborate the validity of the calculated loess proportions
and the applicability of the new R package EMMAgeo. Yet, some limitations in transferability
need to be considered.
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1 Introduction

Loess admixture plays an important role in the formation of
Pleistocene periglacial slope deposits (PPSD) in many midla-
titude regions (Kleber, 1997; Semmel and Terhorst, 2010),
e.g., in Germany (Sauer and Felix-Henningsen, 2004; Raab
et al., 2007), Poland (Waroszewski et al., 2019), Switzerland
(Mailänder and Veit, 2001), and the United States (Krautz et
al., 2018). Although numerous studies have reported typical
magnitudes of loess admixture in the different types of PPSD
(Kleber and Terhorst, 2013), the quantification of loess pro-
portions in PPSD still remains a challenge, due to a lack of
suitable quantification methods. Grain-size distribution (GSD)
is commonly used to estimate loess addition to sediments
and soils, as loess typically has silty texture. However, so far
these estimates are rather qualitative and descriptive than
quantitative, as the resolution of GSD data obtained from the
classical sieve and pipette method is not sufficient for use in a
quantitative approach. In comparison, laser diffraction gener-
ates more detailed and quantifiable data on GSD. Thus, it has
been widely adopted for numerical analysis in sedimentology
and related disciplines. In addition, several functions have
been proposed to quantify subpopulations of mixed sedi-
ments by decomposing multi-modal GSDs (e.g., Weltje,
1997; Sun et al., 2002; Paterson and Heslop, 2015). One of
the most widely used algorithms is the nonparametric end-
member modelling analysis (EMMA), which is capable of pro-
ducing endmember loadings and endmember scores, based
on Eigen-space analysis and compositional data constrains
(Dietze et al., 2012). The recently published R package
‘EMMAgeo’ provides a set of functions for endmember model-
ling analysis (EMMA) of grain size data (Dietze and Dietze,
2019). Whether this method can be applied to determine

loess proportions in soils still needs further exploration. In this
study, we tested the suitability of GSD data obtained by laser
diffraction to quantify loess proportions in soils developed in
PPSD. For this test, we used both the deterministic EMMA
approach and a simple two-endmembers unmixing model.

2 Material and methods

2.1 Study area and sampling

The study area is in central Germany, 10 km east of Göttingen
(near Ebergötzen). We sampled 17 soil profiles in various
topographic positions along a small valley (ca. 1 km long and
up to 0.5 km wide), running from west to east. The valley is
carved into Lower Triassic sandstone (Buntsandstein), over-
lain by PPSD and Holocene colluvium (HC, here broadly
defined as Holocene slope deposits translocated by gravita-
tion and unconcentrated runoff; Kleber, 2006). All pedons
were sampled horizon-wise. Different layers of PPSD, i.e.,
upper layer (UL), intermediate layer (IL), and basal laser (BL)
were classified according to the German substrate taxonomy
(AK Bodensystematik, 1998). Moreover, we included five
manually obtained drill cores of loess-derived slope-wash de-
posits from the outlet of the valley. We sampled these cores
at four depth intervals (40–50 cm, 60–70 cm, 80–90 cm,
90–100 cm). In addition, a purely loess-derived Luvisol
9–10 km west of the valley was included to represent the
pure loess in this region. We took 10 samples from 20 cm to
140 cm depth of this profile, each comprising a depth interval
of 10–20 cm.
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2.2 Analysis of GSD

Samples were dried at 40�C, homogenized and passed through
a 2-mm sieve. Amounts of 0.3 to 0.8 g (depending on estimated
clay content) were treated with 0.7 mL 30% hydrogen peroxide
(H2O2) at 70�C to remove organic matter. The treatment was
repeated until the sample was completely bleached. After desic-
cation, a dithionite–citrate–bicarbonate (DCB) treatment was
applied to remove the iron oxides (Mehra and Jackson, 1960).
The suspension was then washed and centrifuged twice with 1
M NaCl solution and twice with deionized water. Prior to grain
size analysis, the sample solution was tip-sonicated for 30 s. A
Beckmann Coulter LS3320 laser particle size analyzer with
polarized intensity differential scattering system (PIDS) was
used for grain size measurement. Each sample was analyzed in
three cycles à 60 s. The Lorenz-Mie theory was used to calculate
the GSD based on the light scattering pattern (Hergert and
Wriedt, 2012). An optical model suitable for quartz (refractive
index 1.556, absorption coefficient 0.1) was applied for the cal-
culation (e.g., Bittelli et al., 2019). The results were expressed
as 116 grain size classes over a range of 0.04–2000 mm.

2.3 Quantification of loess proportions in the slope
deposits

As outlined in the results section, GSDs of loess-containing
samples were bimodal at most. Therefore, we modified a two-
endmembers unmixing model proposed by Eaqub and Blume
(1976) to calculate the proportions of loess in the various
slope deposits:

Loess %ð Þ in soil sample i ¼ ðui � aÞ=ðb� aÞ·100; (1)

where ui is the proportion of the < 80 mm fraction of sample i,
a is the < 80 mm fraction of the sandstone weathering prod-
ucts, and b is the < 80 mm fraction of loess (Fig. 1).

We assumed that the sandstone component of the loess-
affected layers was the same as in the loess-free layers
(BLs), with the same sandy modal size. Based on the aver-
age < 80 mm fraction obtained for the assumed sandstone
and loess endmembers, ‘a’ was set to 16% for samples with
sandy modal sizes in the range of 176–223 mm (Fig. 1a) and
to 10% for samples with sandy modal sizes of 234–256 mm
(Fig. 1b), ‘b’ was set to 96% (Fig. 1).

In addition to the two-endmembers unmixing model, the R
package EMMAgeo was applied to decompose the bimodal
GSDs of the various layers (Dietze and Dietze, 2019). In our
case, the default setting of the deterministic EMMA function
was used. The number of endmembers (parameter q) was
set to 2 and the weight transformation limit (l) was set to 0.

3 Results and discussion

3.1 Grain-size distributions of all samples

The samples from different depths of the Luvisol developed in
loess showed great similarity in their GSDs, with a common
modal size at » 37 mm. Most samples from the BLs also
exhibited a unimodal GSD pattern, with modal sizes varying
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Figure 1: Differential and cumulative GSD curves of all loess-containing samples (grey solid lines), pure loess (brown dotted lines)
and loess-free sandstone weathering materials (red dotted lines), (a) for samples with sandy modal sizes in the range 173–223 mm
and (b) for samples with sandy modal sizes of 234–256 mm.
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from 130 to 340 mm. Almost all samples taken from the layers
above the BLs exhibited bimodal GSD patterns. This was
also the case for the samples obtained from the drill cores at
the outlet of the valley. Two modal sizes, i.e., a silty mode
(31–39 mm) and a sandy mode (176–256 mm) apparently cor-
responded to the modes of loess and sandstone weathering
products (constituting the BLs), respectively. GSD curves of
loess and loess-free sandstone weathering products from the
BLs showed only minor overlap with a turning point at
» 80 mm, which was consistent for all loess-containing sam-
ples (Fig. 1).

3.2 Performance of the R package EMMAgeo and
the two-endmembers unmixing model

The deterministic R package EMMAgeo yielded two nearly
unimodal GSD curves, with minor modes resulting from mod-
el artefacts (Dietze et al., 2012; Dietze and Dietze, 2019).
The two modal sizes at 36 mm and 230 mm (Fig. 2c) matched
perfectly with those of loess and sandstone weathering prod-
ucts, respectively (Fig. 1). The two modeled endmembers
explained 73% of the class-wise variance (Fig. 2a) and 93%
of the sample-wise variance (Fig. 2b) of the dataset. Loess
proportions obtained from the EMMAgeo function varied from
0% to 100% (Fig. 2d), which were highly correlated
(R2 = 0.98, n = 85) with those calculated with the two-end-
members unmixing model (Fig. 3). Compared to the two-end-
members unmixing model, EMMAgeo yielded lower loess
proportions for samples containing less than about 40% loess
and greater loess proportions for samples containing more
than about 50% loess (Fig. 3). This result agrees with pre-
vious studies in which the EMMA approach tended to under-

estimate low scores and overestimate high scores (Dietze
and Dietze, 2019). Thus, precaution is recommended in case
of extremely high and low scores of one endmember in mixed
samples when using the EMMAgeo function.

3.3 Loess proportions in PPSD and Holocene
colluvium

According to the two-endmembers unmixing model, loess
proportions of the HCs, ULs, and ILs of the 17 profiles in the
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Figure 2: Graphical output of the R function EMMAgeo. (a) Class-wise explained variance (R2) and (b) sample-wise explained variance (R2) as
measures of model performance, (c) endmember loadings, and (d) endmember scores.

Figure 3: Correlation between loess proportions derived from two-
endmembers unmixing model and R function EMMAgeo. The dashed
line is the 1:1-line.
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valley varied from less than 10% to more than 90% (Fig. 4).
The greatest loess proportions occurred in the ILs
(56.9% – 18.1%, n = 12), which contained about twice as
much loess as the HCs (31.1% – 12.8%, n = 28) and ULs
(24.9% – 12.8%, n = 22). Only samples without any silty
mode were considered loess-free, which led to the interpreta-
tion that 3 of the 24 analyzed BLs contained a minor loess
component (Fig. 4). This is in disagreement to the definition of
BLs, which are defined as loess-free solifluction layers. Possi-
ble explanations may be (1) a minor silt component in the
Buntsandstein layers, (2) an influence by former tree uproot-
ing that is not obvious in the profile morphology anymore, or
(3) postdepositional infiltration of silt by percolating soil water
(Kleber and Terhorst, 2013).

Apart from this, our results are in line with vertical patterns of
loess proportions in PPSD previously reported from many
regions of central Europe (Kleber and Terhorst, 2013). Loess
proportions of the samples from the drill cores at the outlet of
the valley were generally higher (averaged 75.3%, n = 20)
compared with loess proportions of PPSD within the valley
(Fig. 2). We interpret these particularly loess-rich sediments
as a product of both, solifluction and sheet-wash on loess-
covered slopes. Thereby, solifluction took place in summer,
when the active layer had thawed, whereas sheet-wash most
likely took place during the initial phase of thawing, when only
the upper few centimeters had thawed, leading to surface run-
off of the meltwater.

4 Conclusions and outlook

Based on the good agreement of loess proportions obtained
by two independent models (EMMAgeo and a simple two-
endmembers unmixing model), we conclude that laser-
derived GSD data may serve as an effective proxy to quantify
loess proportions in sediments and soils. However, it needs
to be stressed that the performance of the two-endmembers
unmixing models largely depends on the precondition of
strong textural contrast between the involved endmembers.
In this study, where the endmembers were loess and weath-
ering products of Triassic sandstone, this precondition was

perfectly fulfilled. The transferability of this approach to other
settings with different boundary conditions strongly depends
on the extent to which this precondition is fulfilled there.
Compared to the simple two-endmembers unmixing model,
EMMAgeo has a broader range of possible applications. It
can also be used to identify and quantify subpopulations of
mixed samples with more than two endmembers that are suf-
ficiently distinct from each other (Dietze and Dietze, 2019).
Yet, geological background information is essential for correct
interpretation of genetically meaningful grain-size endmem-
bers when applying EMMAgeo (Dietze and Dietze, 2019).

For the first time, we were able to use GSD data for quantify-
ing loess proportions in PPSD and HCs across a landscape.
This important step will allow for assessing the spatial pat-
terns of loess proportions in PPSD and HCs as a function of
relief, and for quantifying the pedological and ecological
effects of various loess proportions.
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