
1. Introduction
Fluvial sediment and sedimentary rock contain diverse information that is encrypted in their sedimentary 
structures, grain-size distributions, grain shapes, chemical compositions, isotope ratios, or mineral contents. 
Deciphering this information can increase our knowledge of the past and present geological, climatic, or 
hydrological processes acting in the source area or in transit. For instance, just a bucket or a handful of sediment 
is considered enough to calculate catchment-wide denudation rates from cosmogenic nuclide ratios (e.g., von 
Blanckenburg, 2005) to determine sediment sources through provenance analysis (e.g., Garzanti et al., 2007), or 
to infer hydraulic information from grain-size distributions (e.g., Litty et al., 2016).

Abstract The sampling of fluvial sediment is subject to many sources of uncertainty, for example, 
time and location, and the number of samples collected. It is nevertheless commonly assumed that a 
sample taken at one time and location provides a somewhat averaged compositional signal. Any spatial or 
temporal variability of this signal is often neglected. This study investigates how the composition of bed 
load sand changes  over an  observation period of 1 year in four river basins with differing bedrock geology 
in southwestern Germany. Up to 12 bulk sediment samples were taken at the same locations using the same 
approach and analyzed for their granulometry and geochemistry. The results indicate that (a) different grain 
sizes yield different compositions due to source rock composition and hydraulic sorting effects, (b) bulk 
sediment composition changes temporally due to changing grain-size distribution, and (c) compared to the 
bulk sample, the  composition of narrow grain sizes is temporally more stable but nevertheless has an average 
variability of 15%. Because heavy mineral-bound elements such as Zr have the highest variability, we relate a 
major component of compositional variability to temporally varying heavy mineral concentrations in response 
to hydrodynamic processes. Mixing modeling demonstrates that the fluvial sand faithfully reflects its catchment 
geology and that the sediment sources do not change substantially during the observation period, even during 
a flooding event. We conclude (a) that the causes for compositional variability may be disentangled using 
chemical and granulometric time series data and (b) that narrow grain sizes yield representative source rock 
contributions.

Plain Language Summary Sediment transported by rivers is generated by the erosion of the rocks 
present within the river catchment area. The composition of this sediment is controlled by various processes in 
the catchment, for example, climate, rock type, weathering, and flow strength. Geoscientists can use modern 
river sediment to understand how these processes impact sediment composition, and then apply this information 
to the geologic time. Sampling the river sediment is often the first step in such studies, but few studies consider 
the sources of uncertainty during sampling, for example, time and location of sampling, and number of 
collected samples. For this study, we returned to the same river location during the course of 1 year to take bulk 
sediment samples and analyzed how variable the size of sediment grains and the sediment chemistry are. We 
discovered that different grain sizes yield different chemical compositions, and this is caused by differences in 
rock type and hydraulic processes. Because the proportion of different grain sizes in the bulk sediment changes 
over the year due to water flow conditions, the chemistry of the bulk sediment sample changes over the year. 
We provide some quantitative estimates for this variability that should be considered in similar studies.
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Infrequent short-term sediment transport events such as debris flows or major floods and their corresponding 
deposits continue to receive increasing attention and may be successfully distinguished from typical “back-
ground” deposition (Berger et al., 2011; Schillereff et al., 2014). In this context, many studies have focused on 
the positive correlation between water discharge and suspended sediment concentration (e.g., Cohen et al., 2014; 
Rousseau et al., 2019; van der Perk & Espinoza Vilches, 2020; Walling & Moorehead, 1987; Xu, 2002). Some 
studies have analyzed the short-term variability of suspended sediment composition and linked this to changes in 
sediment source contributions, for example, by the seasonal (de)activation of glacial sources (Amann et al., 2022; 
Stutenbecker et al., 2019), storm and flood events (Douglas et al., 2008; Liu et al., 2022; Navratil et al., 2012), 
hydraulic conditions (Bouchez et  al.,  2011; Rousseau et  al.,  2019; van der Perk & Espinoza Vilches,  2020), 
and anthropogenic processes such as sediment abstraction, artificial sediment trapping, pollution, and 
agriculture-induced soil erosion (Carter et al., 2006; Florsheim et al., 2011; Lane et al., 2019; Navrátil et al., 2008).

However, many methods still rely on the assumption that a sediment sample taken at one time at one location 
in a river exhibits a somewhat averaged composition that reflects typical erosion and transport processes (“let 
nature do the averaging” principle, von Blanckenburg, 2005). Short-term chemical or mineralogical variability 
seems to be considered negligible in this context. It appears to be a common consensus that large catchments 
with complex internal feedbacks and potentially long sediment residence times average out short-term compo-
sitional variability (Romans et  al.,  2016), whereas small catchments may not be dynamic enough to produce 
substantial variability in the first place. Consequently, reported sediment mineralogy and chemistry are limited 
to a few samples or even only one measurement in many rivers (Müller et al., 2021). Complete time series are 
very rare and limited to suspended sediment (Rousseau et al., 2019; van der Perk & Espinoza Vilches, 2020), 
which tends to be dominated by silt and clay (Stone & Saunderson, 1992; Walling & Moorehead, 1987; Walling 
& Woodward, 2000; Xu, 2002). However, many geological methods such as provenance and cosmogenic nuclide 
analysis target the sand-sized sediment transported as bed load (e.g., Garzanti et al., 2009; Ingersoll et al., 1984; 
van Dongen et al., 2019), for which the short-term compositional variability remains poorly documented.

This study aims to test how bedload sediment composition changes at an annual scale using the case study of four 
rivers located in southern Germany with different bedrock lithologies. We hypothesize that (a) the bulk sediment 
composition changes mostly due to variations in grain-size distribution, which in turn might be controlled by 
hydraulic conditions such as water discharge (Walling & Moorehead, 1987; Xu, 2002) and (b) the composition of 
narrow grain-size fractions should stay constant if the sediment sources stay constant. Accordingly, we collected 
one bulk sediment sample per month over the period of 1 year at the same location and analyzed the chemical 
composition of the sediment in six narrow grain-size windows (2–1, 1–0.5, 0.5–0.25, 0.25–0.125, 0.125–0.063, 
and <0.063 mm). Using granulometric, geochemical, and mineralogical information, as well as a linear multi-
variate mixing model, we analyze the impact of source rock composition and texture, weathering, and hydraulic 
sorting on sediment composition.

2. Setting
The Gersprenz, Modau, Mümling, and upper Neckar rivers drain lithologically heterogeneous catchments of 
different sizes (90–2,000 km 2, Table 1) in southwestern Germany (Figure 1). They are overall characterized by 
moderate relief, high vegetation cover, and a temperate climate (Table 1).

The Gersprenz, Modau, and Mümling rivers are located in the Odenwald, an eastern rift shoulder of the Upper 
Rhine Graben, which forms a segment of the European Cenozoic rift system (Ziegler, 1992). The Odenwald rift 
shoulder was uplifted during the Neogene and Quaternary (Peters & van Balen, 2007) and contains remnants of 
a Paleozoic magmatic arc formed during the Variscan orogeny as well as its Permo-Triassic sedimentary cover 
(Stein, 2001). The Gersprenz and Modau catchments are underlain by Paleozoic granitoid, diorite, quartz dior-
ite, gabbro, amphibolite, orthogneiss, and minor meta-sedimentary rocks (paragneiss, schist). In contrast, the 
Mümling catchment drains predominantly Permian to Triassic siliciclastic sandstone and mudstone with minor 
intercalated Permian dolomite (Figure 1a). In addition, loess and eolian sand occur in all three catchments. The 
eolian sediment was mobilized and blown out from the Rhine river plain and deposited on the hillslopes of the 
Odenwald during the Pleistocene (Pflanz et al., 2022).

The upper Neckar river drains the hilly terrain of the South German Scarplands, formed during the Paleogene 
and Neogene as a result of the Rhine graben rifting and successive southeastward migration of escarpments. 
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It comprises siliciclastic and carbonate rocks (Figure 1b) deposited during the Triassic and Jurassic in the 
Central European Basin, a Pangean intracontinental basin formed in the aftermath of the Variscan orogeny 
(Littke et al., 2008). Specifically, these are Early Triassic terrestrial sandstone (Buntsandstein Group), Middle 
Triassic marine carbonates (Muschelkalk Group; mostly limestone, marlstone, and dolostone, additionally 
some evaporites), Late Triassic mixed lacustrine, fluvial and shallow marine siliciclastic rocks (Keuper Group; 
sandstone, siltstone, claystone, evaporites), and Jurassic carbonates (limestone, intercalated with claystone 
and marlstone). Quaternary deposits include widespread Pleistocene loess and Pleistocene to Holocene fluvial 
sediment.

Figure 1. Setting, geology, catchment outlines, and river network of the studied river basins. (a) The three Odenwald rivers 
Modau, Gersprenz, and Mümling. (b) The upper Neckar basin. Geology according to the 1:200,000 geological maps of the 
Federal Institute for Geosciences and Natural Resources, Germany (2007), sheets CC 6318 (Frankfurt am Main-Ost), CC 
7918 (Stuttgart-Süd), and CC 7910 (Freiburg-Nord).
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3. Materials and Methods
3.1. Sampling and Sample Preparation

In total, 46 sediment samples were collected in 2019 and 2020; 12 sediment samples from the Gersprenz river 
between January 2020 and December 2020, 10 samples from the Modau river between May 2019 and April 
2020, 12 samples from the Mümling river between January 2020 and December 2020, and 12 samples from the 
Neckar river between April 2019 and March 2020. The samples were collected on unvegetated parts of lateral 
bars with active erosion and deposition of mostly sand-sized sediment. Samples were taken by the same operator 
by scooping the uppermost 1–2 cm of sediment from the sand bar surface over an area of approximately 1 m 2 until 
0.5–2 kg of sediment was obtained. Using trees on the shore and boulders in the river as orientation, we estimate 
our location accuracy to be within 1 m 2.

The hydraulic conditions were monitored during the sampling period using water level and discharge data from 
nearby gauging stations operated by the responsible regional environmental agencies (Table 1). To test the poten-
tial contribution of loess deposits, we took three additional samples of loess and eolian sand from the western 
Modau catchment (Figure 1).

The sediment was oven-dried at 105°C and sieved to <2 mm to remove the pebble fraction as well as occasional 
plant debris. From the <2 mm fraction, one part of the sample was separated using a riffle splitter and reserved 
for later analysis to characterize the bulk composition. The remaining <2 mm sample was wet-sieved to the 
following six grain-size fractions: 2–1 mm (−1–0 Φ), 1–0.5 mm (0–1 Φ), 0.5–0.25 mm (1–2 Φ), 0.25–0.125 mm 
(2–3 Φ), 0.125–0.063 mm (3–4 Φ), and <0.063 mm (>4 Φ). The silt and clay fractions (>4 Φ) were carefully 
obtained by loss-free settling. The sieved fractions were dried at 105°C and weighed.

3.2. XRF and XRD Analysis

Of the 46 samples with 7 sub-samples each (bulk sample and the six individual grain-size fractions), 172 
sub-samples with enough material (>10  g) were further processed for major element geochemical analysis. 
The samples were ground in tungsten carbide vessels using a Siebtechnik vibrating disc-mill TS. The powder 
was mixed with a binding agent (Hoechst Wax C) with a mixing ratio of 4:1, homogenized in a rotator, and 
pressed into pellets in Alu cups. The chemical analysis of the pressed powder pellets was performed with the 
wavelength-dispersive X-ray spectrometer S8 Tiger 4 kW (Bruker) at the Technical University of Darmstadt, 
which is equipped with a Rhodium X-ray tube. For the analysis of the elemental concentrations, the “standard-
less” evaluation method Quant Express Best Detection was used (qebd 34 mm-vac). Quant Express Best Detec-
tion was calibrated by Bruker with numerous diverse standards and is checked on a monthly basis at the Technical 
University of Darmstadt with different reference standards. The major element oxides SiO2, TiO2, Al2O3, Fe2O3, 
MnO, MgO, CaO, Na2O, K2O, and P2O5, as well as the trace elements Zn, Rb, Sr, Zr, and Ba, were measured. All 
analyses were normalized to 100 wt. %. Loss of ignition was not determined.

Due to temporal and financial constraints, only one sample per river was analyzed further using X-ray diffraction 
(April 2020 for the Gersprenz, February 2020 for the Modau, May 2020 for the Mümling, and November 2019 for 
the Neckar). The measurements were made by a Panalytical X'Pert Pro diffractometer at the Goethe University 
Frankfurt using a Copper anode (40 KV, 30 mA), automatic divergence slit, spinning of the sample holder, and 
Ni Filter to reduce Kβ and scatter radiation. Detection was performed using a Panalytical X'Celerator with multi-
ple stripe characteristics. About 1–2 g of powdered samples were prepared by backside filling into steel sample 
holders to reduce the texturation of non-isotropic mineral phases. Each powder was measured between 2.5° and 
70°2θ. Phase validations were supported by Powder Diffraction File 4 Minerals of the International Centre of 
Diffraction Data. For semiquantitative phase calculation, the intensities of characteristic lines of each detected 
mineral were calculated to a fixed divergence condition and weighted after conversion using standardized Refer-
ence Intensity Ratios. The following Refernce Intensity Ratio factors have been used: quartz: 3.03; alkali feldspar: 
0.6; plagioclase: 0.68; calcite: 3.2; dolomite: 2.51; amphibole (hornblende): 0.73; illite/muscovite: 0.43; kaolinite 
and chlorite: 1.0; goethite: 2.79; hematite: 3.26. In the case of clay minerals, only approximated results are availa-
ble due to their small and broad Bragg reflexes and as a result of using only non-oriented bulk samples.

The Pearson correlation coefficient was calculated to check the correlation between mineral and element pairs 
as well as between geochemistry and mineralogy. Correlations with p-values < 0.05 are considered statistically 
significant.
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3.3. Source Rock Database, Mixing Modeling, and Weathering Indices

The relationship between the source rocks and the fluvial sediment is complicated by many factors, includ-
ing weathering intensity, lithology, transport, and depositional processes (Caracciolo,  2020; von Eynatten 
et al., 2012, 2016). To properly interpret the sediment composition, we compared geochemical data from various 
source rocks in the area from the literature with the river sand. We compiled 81 geochemical analyses from 
potential source rocks from the Odenwald area (Altenberger et al., 1990; Altherr et al., 1999; Poller et al., 2001; 
Reischmann et al., 2001; Siebel et al., 2012; Soyk, 2015; Will & Schmädicke, 2001; Will et al., 2015, 2021). 
Unfortunately, source rock data from the Neckar catchment were virtually not available in the literature, and own 
geochemistry data from the area are limited to Keuper sandstone, which only covers a quarter of the catchment 
area. For this reason, our analysis will focus mostly on the three rivers and the source rocks in the Odenwald.

In order to quantify the source rock contribution to the sediment and to identify potential source changes through 
time, we used a linear multivariate mixing model (Collins et al., 1996; Weltje, 1997). In the first step, principal 
component analysis based on log-ratio transformed geochemical data was used on the compiled source rock data 
to identify statistically distinguishable source classes. These classes were then used as input into the mixing model 
“fingerPro” in the R environment (Lizaga et al., 2020; R Core Team, 2021). Only major oxides were used because 
the compiled literature data rarely report trace-element compositions. This linear multivariate mixing model predicts 
the relative contribution of the considered source categories by finding the best fit between observed and calculated 
sediment composition. We used the in-built linear discriminant analysis, the range, and the Kruskal-Wallis-H-test 
to select the best combination of fingerprinting proxies and ran the model with 10,000 iterations.

The role of chemical weathering in the transformation from source rock to sediment is often assessed using 
geochemistry-based weathering indices (Buggle et al., 2011; Garzanti & Resentini, 2016; Hatano et al., 2019). 
Most weathering indices essentially measure the leaching of the mobile elements Ca, Na, and K relative to immo-
bile Al during feldspar weathering (Buggle et al., 2011; Nesbitt & Young, 1982). In this context, Ca contents 
are used with the assumption that all CaO is silicate-bound and not carbonate-bound. Since carbonate rock is 
common in the Neckar catchment, this assumption is not justified in our study area and we chose to use the 
modified chemical index of alteration CIX of Garzanti et  al.  (2014), which excludes Ca and is calculated as 
CIX = Al2O3/(Al2O3 + Na2O + K2O)*100. We calculated the CIX for the river sediment and the source rock 
compiled from the literature.

4. Results
4.1. Hydrologic Condition and Grain-Size Distribution

During the observation period, the water level and discharge data of the responsible environmental agencies show 
their highest values during February and March 2020 and their lowest values in the summer months for all four 
rivers (Figure 2b). The four investigated rivers show different degrees of variation in their grain-size distributions 
(Figure 2a). The strongest grain-size variability is observed in the Gersprenz river where during December 2019 
and February 2020 predominantly muddy sediment was deposited, and medium- to very coarse-grained sand 
during the rest of the year. The field observations and the hydrological data reveal that the mud derives from the 
deposition of suspended sediment at high water discharge and water levels and flooding of the sampled sand bar. 
The sampling location in the Modau river had high amounts of medium-grained to coarse-grained sand from 
June–August 2019 and February–April 2020, whereas from September 2019 to January 2020 more mud as well 
as very fine- and fine-grained sand were deposited. The Mümling river deposited similar amounts of mud and 
very fine-grained sand throughout the year, while the medium- to fine-grained sand ratio varied. Specifically, 
during January–February, June–August, and November–December, more medium-grained sand was deposited 
at the cost of fine-grained sand. The sampling spot is virtually lacking any sand coarser than 2 Φ. Different to 
the other three locations, the Neckar river sampling site included the coarsest-grained material with abundant 
pebbles. The amount of very coarse-grained sand increased from July 2019 to January 2020. The amount of mud 
at the sampling site was always <5%.

4.2. Geochemistry

The four river sediments differ substantially in their bulk geochemical composition (Figure 3a). The Modau and 
Gersprenz river sand has a relatively similar composition with around 70% SiO2 and 10% Al2O3, but the Modau 
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sand has higher CaO contents (8% average in the bulk sediment vs. 2% in the Gersprenz). The Mümling river sand 
is composed of almost 90% SiO2, whereas the Neckar river sand has the highest CaO concentrations (up to 50%).

For most elements and element oxides, there is substantial variability within the different sub-fractions of each 
sample (“intra-sample variability,” Figure 4). TiO2, Fe2O3, P2O5, Zn, and Zr increase with decreasing grain size 

Figure 2. Annual variability of water discharge ((a); note different y-axis ranges), bulk sediment grain size ((b); in weight percentage of Φ units), and major element 
sediment geochemistry (c). Panel (a) is compiled from Hessian Agency for Nature Conservation, Environment and Geology (2020) and Landesanstalt für Umwelt 
Baden-Württemberg (2020). Note that for panel (c) we display only the major element oxides. The y-axis of the SiO2-dominated rivers Gersprenz, Modau, and Mümling 
is cut off at 60 wt. % to better display the variability of the element oxides with lower concentrations.

Figure 3. Average major element oxide (a) and mineralogical (b) composition of sediment from the four rivers. Note that 
the XRF results are calculated mean concentrations from all 46 samples, whereas XRD analysis was performed only on one 
sample per river (April 2020 for the Gersprenz, February 2020 for the Modau, May 2020 for the Mümling, and November 
2019 for the Neckar).
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in all four rivers. Al2O3 and Na2O show grain-size-dependent trends in some rivers but not in others. For example, 
their concentrations decrease with decreasing grain size in the Modau and Gersprenz, but have the opposite trend 
in the Mümling and Neckar. K2O increases with decreasing grain size in the Mümling river and has the opposite 
trend in the Gersprenz river. MnO is highest in all >4 Φ fractions but does not have a consistent trend in the sand 
fraction. Other oxides and elements (SiO2, MgO, CaO, Sr, Ba, and Rb) do not have any clear grain-size-dependent 
trend in any of the studied river samples.

The temporal chemical variability, expressed as relative standard deviation per grain-size class is on average 
around 18%, but is considerably higher for Zr, Ba, Zn, MnO, P2O5, and TiO2 (Figure 5). In general, the bulk 
samples and the fraction >4 Φ have the highest relative standard deviation with average values around 20%–25%. 
The other (narrower) sand fractions have overall smaller relative standard deviations, but still in the order of 
around 15%. The Modau and Neckar rivers have the overall largest variability (average 22%), followed by the 
Mümling (average 17%) and the Gersprenz (average 12%).

The mean analytical error for all 172 samples and the 15 oxides and elements considered here is 2%. Individual 
analyses yielded uncertainties for Zr and Ba higher than 10%, but all other elements always have uncertainties 
<10%. The mean analytical error for the main oxides is generally <3% (except P2O5, mean 4%), and between 1% 
and 6% for the trace elements Zn, Rb, Sr, Zr, and Ba, that is, the intersample and intrasample variability is about 
one order of magnitude higher than the analytical uncertainty.

The principal component analysis demonstrates that the samples from the four rivers are geochemically distinct 
(Figure 6). Also, a distinct grain-size trend is present for all four rivers, with fine-grained fractions plotting 
closer to the origin of the biplot than the coarse-grained fractions. When also using the five measured trace 
elements (Zn, Rb, Sr, Zr, and Ba) as input into the principal component analysis, the discrimination between the 
four rivers becomes less clear, mostly due to the high Zr concentration in the >4 Φ fraction and high loading 
of Zr.

The CIX values range between 61 and 77 and vary between the samples, with the highest values observed in the 
>4 Φ fraction (Figure 7a). The Neckar and Modau samples show overall the highest CIX values (median 71.4 
and 71.2, respectively), followed by the Gersprenz samples with a median CIX of 68.3, and the Mümling samples 
with a median CIX of 64.5 (Figure 7b).

Figure 4. Median variability of sediment geochemistry for the different grain-size fractions. Y-axes are in wt. % for oxides 
and in ppm for trace elements.
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4.3. Mineralogy

On average, the Gersprenz river sand is composed of 61% quartz, 11% alkali feldspar, 21% plagioclase, 3% 
amphibole, and 3% illite/muscovite (Figure 3b). The bulk Modau river sand has a relatively similar composition 
with 53% quartz, 11% alkali feldspar, 25% plagioclase, 6% amphibole, and 3% illite/muscovite, but with addi-
tional carbonate content of 2% calcite and 1% dolomite.

The Mümling river sand contains on average 86% quartz, 8% alkali feldspar, 4% plagioclase, and 1% illite/musco-
vite. The Neckar river sand has the highest carbonate content with an average of 29% calcite and 7% dolomite, 

Figure 5. Temporal variability of all elements and element oxides, expressed as relative standard deviation (in %) per grain-
size class.

Figure 6. Results from principal component analysis using log-ratio transformed data as input. (a) Major element oxides 
only, (b) major element oxides and the five measured trace elements.
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and additionally 47% quartz, 4% alkali feldspar, 2% plagioclase, 9% illite/
muscovite, and 1% chlorite.

Grain-size-dependent intra-sample mineralogical trends are less pronounced 
than in the chemical data (Figure 8). There is no general trend for any of 
the minerals that are common to all four river sediments. In the Mümling 
and Neckar river sands, alkali feldspar and plagioclase contents increase with 
decreasing grain size. In the Gersprenz sediment, alkali feldspar contents are 
higher in the coarse-grained fractions than in the fine-grained fractions. In 
the Modau sediment, plagioclase contents are higher in the coarse-grained 
than in the fine-grained sediment, but alkali feldspar contents are highest 
in the mid-sized sand fractions. The quartz content decreases with decreas-
ing grain size in the Mümling river, but not in the other three rivers. Where 
present, kaolinite, chlorite, and dolomite increase with decreasing grain size. 
Amphibole, illite/muscovite, calcite, hematite, and goethite have no clear 
grain-size trend.

A strong positive correlation between mineralogy and chemistry (Figure 9) 
hints toward mineral chemistry but also toward the co-existence (and there-
fore provenance) of certain minerals. High feldspar contents are accompa-
nied by high Al2O3, Na2O, K2O, Rb, and Ba concentrations. High calcite 
and dolomite contents are manifested by high CaO and MgO contents. High 
quartz contents correlate with high SiO2 contents. Plagioclase and amphi-
bole show a strong correlation, indicating that they may be delivered from 
the same source rocks. Likewise, quartz and the feldspar minerals correlate 
positively.

4.4. Source Rock Discrimination and Mixing Modeling

The first two principal components, explaining ca. 81% of the source rock 
data variability, essentially reveal three clusters: The clastic rock samples, 
characterized by SiO2, Al2O3, K2O, P2O5, Fe2O3, and TiO2, plot in the lower 
right quadrant. Diorite, gabbro, and amphibolite samples plot in the lower left 
quadrant and are chiefly characterized by MnO, MgO, and CaO. The granodi-
orite, granite, and gneiss samples form the most variable cluster in the upper 
two quadrants and are characterized by Na2O, Al2O3, and K2O. The three 
loess samples do not form a distinguishable cluster. Accordingly, the source 
rock categories clastic, gabbro/diorite/amphibolite, and granitoid/gneiss were 

used for the mixing model. The river sediment plots between the three source rock clusters (Figure 10), which 
confirms that it may be indeed a mixture of the three considered main source rocks.

The mixing modeling results change significantly between different grain-size fractions and tend to be overall 
similar within each grain-size class (Figure 11). One exception is the bulk Gersprenz February 2020 sample, 
which contains mostly fine-grained suspended sediment deposited on the sand bar during a flood event. Although 
the bulk sample is compositionally different from the other bulk samples (Figure 11), its narrow grain-size frac-
tions are comparable with the grain-size fractions of other samples. Overall, the Gersprenz river samples show 
a dominance of the granitoid/gneiss source in the grain-size fractions −1–0 and 0–1 Φ, and increasing contri-
butions of the diorite/gabbro/amphibolite and clastic source in the finer grain-size fractions. For the Mümling 
river, the mixing model predicts a dominance of the clastic source in all samples, and a minor contribution of the 
granitoid/gneiss source and the diorite/gabbro/amphibolite source in the finest grain sizes >4 and 3–4 Φ. The 
results for the Modau river indicate a mixed contribution of all three sources in the coarser grain-size fractions 
(−1–0 and 0–1 Φ). The predicted contribution of the sedimentary source increases systematically with decreasing 
grain size at the expense of the granitoid/gneiss source. The diorite/gabbro/amphibolite source contribution stays 
relatively constant. Overall, the mixing model predicts similar source contributions in the finest fraction (>4 Φ) 
for all three catchments despite different bedrock geology.

Figure 7. (a) Median CIX values of all grain-size fractions of each river. 
(b) Box-and-whisker-plots (boxes with 25th, 50th [median] and 75th 
percentile of CIX values) for the river sediment samples and compiled 
source rocks from the Odenwald sandstone (Early Triassic Buntsandstein 
Group, Soyk, 2015), Neckar sandstone (Late Triassic Keuper sandstone, 
unpublished data from drillings in the Neckar catchment), Odenwald loess 
(unpublished data, this study), and Odenwald crystalline rocks (Altenberger & 
Besch, 1993; Altenberger et al., 1990; Altherr et al., 1999; Poller et al., 2001; 
Reischmann et al., 2001; Siebel et al., 2012; Will & Schmädicke, 2001; Will 
et al., 2015, 2021).
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Figure 8. Variability of sediment mineralogy depending on the analyzed grain-size fraction (Φ scale). Y-axis is in %. Note 
that some mineral concentrations were below the detection limit, and these minerals are given with 0% here.

Figure 9. Correlation matrix of element and mineral pairs based on Pearson's r. The data were log-ratio transformed to 
eliminate artificial correlation effects due to the constant sum problem. Statistically significant correlations (p-values < 0.05) 
are indicated with bold numbers.
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5. Discussion
The clear differences in sediment mineralogy and geochemistry between the 
four studied rivers (Figure 6) can qualitatively be explained by different catch-
ment bedrock geology (Figure 1). The high CaO and carbonate content in the 
Neckar river sediment is related to the abundance of lime- and dolostone in 
the catchment. High SiO2 and quartz contents in the Mümling catchment result 
from the composition of the source rock being mostly quartz-rich. The similar-
ity of the Gersprenz and Modau sand stems from an overall similar catchment 
geology dominated by plutonic and metamorphic rocks. High Na2O and K2O 
contents point to high feldspar contents of (meta-)granitoid rocks, whereas 
amphibole may be derived from the amphibolites, diorites, or granodiorites 
that are common in these two catchments (Altherr et al., 1999; Stein, 2001).

The quantitative mixing modeling overall confirms that sediment composi-
tion is controlled by the main bedrock lithologies considered in this study. The 
mixing model predicts a dominant contribution of the granitoid/gneiss source 
in the Gersprenz river samples, a dominant contribution of the clastic source 
in the Mümling river, and a mixed contribution of granitoid/gneiss and diorite/
gabbro/amphibolite rocks in the Modau river (Figure 11). These predictions 
are overall in good agreement with the observed area percentage covered by 
these sources, which suggests that erosion in the studied catchments is spatially 
rather uniform and that all sources supply sand-sized detritus. The predicted 
relative contribution by the three sources is similar within the same grain-size 
class, which indicates that it is temporally stable and that  there are no signif-
icant provenance changes over the year. The exceptional Gersprenz February 
2020 sample demonstrates that even during extreme events, the provenance of 
suspended and bedload material does not change substantially in this river. Time 
series from the Rhine river (van der Perk & Espnoza Vilches, 2020) and the 
Amazon, Orinoco, and Maroni rivers (Rousseau et al., 2019), in contrast, have 
identified source changes based on suspended sediment chemistry. This might 
be related to their large catchment sizes and consequently higher spatial dynam-
ics, and/or to the generally faster transport time (and therefore signal transfer 
time) of suspended compared to bedload sediment (Tofelde et al., 2021).

The mixing model predicts different source rock contributions in different 
grain sizes, which is a result of a strong granulometric control on sediment 
composition (Figure 6). The variability of chemistry and mineralogy between 

different size fractions of one sample is governed by three factors: A size-density sorting effect by which dense 
minerals are preferably found in fine grain-size fractions (Garzanti et al., 2008; Jonell et al., 2018), the original 
size of minerals in the source rocks (Hatzenbühler et al., 2022; Weltje et al., 2018), and physical and chemical 
weathering that break down minerals and enrich fine-grained weathering products in the finer grain-size fractions 
(Le Pera et al., 2001; von Eynatten et al., 2012, 2016).

5.1. Size-Density Sorting Effect

The highest chemical variability was observed in the bulk and >4 Φ subsamples (Figure 5), which is caused 
by the wider range of grain sizes comprised in these fractions as compared to the narrower grain-size fractions 
(1 Φ intervals). However, the narrow grain-size fractions also show compositional variability over the year 
with average relative standard deviations of ca. 15%. Some of this variability is probably related to analytical 
uncertainty, especially for elements with relatively high errors (e.g., Ba, Zr), but given the different orders of 
magnitude of uncertainty and variability, natural controls are likely as well. We interpret the higher variability 
of TiO2, MnO, P2O5, Zn, and Zr to express temporally variable concentrations of heavy minerals. Depending 
on the local hydraulic conditions in the river, less dense minerals are easier entrained by the stream (selec-
tive entrainment), which can cause the enrichment of heavy minerals up to the formation of placer deposits 

Figure 10. Principal component analysis based on major element oxide 
concentrations of the compiled source rock data and the fluvial sand data 
from Figure 6. Source rock data for the clastic rocks (Buntsandstein Group) 
from Soyk (2015). Source rock data for the crystalline Odenwald rocks from 
Altenberger and Besch (1993), Altenberger et al. (1990), Altherr et al. (1999), 
Poller et al. (2001), Reischmann et al. (2001), Siebel et al. (2012), Will 
et al. (2015), Will et al. (2021), and Will and Schmädicke (2001).
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(Garzanti et al., 2009; Komar, 2007; Slingerland, 1977). Our results suggest that hydrodynamic conditions and 
the resulting heavy mineral concentrations vary even at the same sampling location at different times of the 
year, whereas elements not associated with heavy minerals tend to be less variable (Figure 5).

We interpret the increase of P2O5, TiO2, and Zr concentrations with decreasing grain size as an expression of 
the heavy minerals apatite, TiO2 polymorphs (e.g., rutile, anatase), and zircon, respectively, that tend to be 
enriched in finer grain-size fractions than less dense minerals (Garzanti et al., 2008; Liu et al., 2019; von Eynatten 
et al., 2012). Likewise, Fe2O3, MnO, and Zn, which show higher concentrations in finer grain size-fractions, 
are probably bound to dense minerals. Fe2O3 is present in ferrous silicate heavy minerals such as amphiboles 
and pyroxenes, or in primary or secondary iron oxides and hydroxides that also tend to be enriched in finer 
grain-size fractions. We favor the association of iron with silicate heavy minerals since the XRD data show high 
amounts of amphiboles but insignificant amounts of iron oxide minerals (Figure 8). MnO might be associated 
with carbonates, Fe- and Mn-bearing oxides or some silicate heavy minerals (e.g., spessartine-rich garnet, tour-
maline, epidote group). In our case, MnO shows no correlation with CaO or MgO, but a strong correlation with 
Fe2O3, TiO2, and P2O5, suggesting that Mn is not carbonate-bound, but associated with silicate heavy minerals or 
iron oxides. Likewise, Zn is correlated with Fe2O3, MnO, TiO2, and P2O5, suggesting a similar association with 
dense minerals such as magnetite (Johnson, 1994).

5.2. Weathering Intensity

In settings with pronounced chemical weathering, feldspar contents tend to decrease with decreasing grain 
size, while weathering products such as clay minerals increase with decreasing grain size (von Eynatten 
et  al.,  2016). In settings with limited chemical weathering, this trend might be less pronounced or even the 
opposite because feldspars break down along their cleavage planes due to mechanical abrasion (Basu, 1976; 
Heins, 1993). In our study, we observed both trends, suggesting differences in weathering regime between the 
crystalline rock-dominated Gersprenz and Modau (decreasing plagioclase contents with decreasing grain size) 
and the sedimentary rock-dominated Mümling and Neckar (increasing plagioclase contents with decreasing 
grain size). Likewise, chemical indices such as the CIX are thought to reflect chemical weathering intensity 
(Buggle et  al.,  2011; Nesbitt & Young,  1984). Hohberger and Einsele  (1979) calculated ratios of dissolved 
to mechanical river load of approximately 1:1 for southern German river catchments, indicating significant 
chemical weathering. However, the dissolved load is probably derived from carbonate weathering rather than 
silicate weathering, which the CIX (and other traditional weathering indices) are not sensitive to. In our case, 
the CIX values differ between the four rivers, which would suggest that the Neckar sediment is the most and 

Figure 11. Mixing modeling results for the three Odenwald rivers displaying the relative contribution of the three considered 
source rocks. The columns to the left display the area percentage of the three sources in each catchment (normalized to 100% 
for not considered lithologies such as carbonates and Quaternary cover). The bold boxes around some of the Gersprenz 
samples indicate the February 2020 sediment that was deposited during the flooding of the sand bar from suspended load.
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the Mümling sediment the least weathered (Figure 7a). However, there are no significant differences in the four 
river catchments regarding mean temperature, precipitation, or land use (Table 1) that would explain differences 
in CIX values or different plagioclase weathering behavior. In addition to weathering intensity, such indicators 
heavily depend on the source rock composition (Garzanti & Resentini, 2016; Nesbitt & Young, 1984), grain 
size (Hatano et al., 2019), and original texture and mineral sizes in the source rocks (Hatzenbühler et al., 2022; 
Heins, 1993; Weltje et al., 2018).

The CIX value difference between Mümling and Neckar sediment can readily be explained by the higher CIX 
values in the Keuper sandstone that is common in the Neckar catchment compared to the relatively low CIX 
values in the Buntsandstein sandstone, which is the dominant source rock in the Mümling catchment. We 
interpret this with a higher weathering intensity during the more humid climate of the Late Triassic (Keuper) 
compared to the Early Triassic (Buntsandstein) as shown by facies associations (Hornung & Aigner,  2002; 
Hug, 2004) and climate-proxy evidence (Reinhard & Ricken, 2000). Additionally, the higher CIX in the Keuper 
sandstone samples may be caused by the presence of kaolinite cement formed during (early) diagenesis (Hornung 
& Aigner, 1999; Kulke, 1969), which is supported by the occurrence of kaolinite in the mud of the Neckar river 
(Figure 8). Consequently, we interpret the CIX values to reflect past (near-) surface weathering or eogenetic 
conditions rather than modern weathering intensity. The CIX values of the Gersprenz and Modau river sediments 
draining the Odenwald complex are close to (or even slightly lower than) the median values of the considered 
source rocks, suggesting little overall modification of the sediment composition by chemical weathering. The 
decrease of plagioclase content with decreasing grain size in the Gersprenz and Modau river sediment instead 
reflects the rather coarse-grained plagioclase minerals in the granitoid source rock and limited weathering.

Further evidence for minor chemical silicate weathering is provided by the overall low percentage of clay miner-
als in the river sediment (Figure 8), particularly in the finest analyzed fraction. Chlorite is probably detrital in 
origin as it occurs as a ubiquitous alteration product of biotite (and amphibole) in crystalline rocks in the Oden-
wald (Stein et al., 2022; Will & Schmädicke, 2003) and as an authigenic phase in the Keuper and Buntsandstein 
sandstones (Clauer et  al.,  2008; Krumm, 1969). Kaolinite was detected only in the mud of the Neckar river, 
where it can be explained by its presence as a diagenetic mineral in the Keuper sandstone source (Hornung & 
Aigner, 1999; Kulke, 1969). Illite/muscovite only increases with decreasing grain size in the Mümling sediment, 
which could point toward the enrichment of illite as a weathering product in the fine grain sizes. However, 
it might also be derived from the recycling of Buntsandstein sandstones with fine-grained illite cement and 
illite-bearing clay intraclasts (Hug, 2004; Soyk, 2015). In any case, the illite/muscovite concentration of generally 
<5 wt% in the Mümling sediment is low compared to illite contents in high-intensity weathering settings (von 
Eynatten et al., 2016). In all other rivers, illite/muscovite is present in roughly similar proportions in all grain-
size fractions, suggesting that they do not occur as (usually very fine-grained) secondary minerals but are instead 
part of larger particles such as rock fragments and therefore of detrital origin. All these arguments point toward 
negligible control of modern chemical weathering and dominance of physical weathering (Heins, 1993; Kautz 
& Martin, 2007).

5.3. Source Rock Contributions

In the absence of intense chemical weathering, the large variability of source rock contribution in different grain 
sizes can be explained by three effects:

1.  Source rock effect: Some lithologies (e.g., fine-grained siliciclastic rock or amphibolite) may produce 
finer-grained detritus than others (e.g., granitoid rock) due to the source rock grain size and/or mechanical 
behavior during physical weathering.

2.  Hydraulic effect: Two of the three source rocks, the diorite/gabbro/amphibolite, and the clastic sources, are 
characterized by high concentrations of heavy mineral-bound elements. The diorite/gabbro/amphibolite 
source is expected to have higher heavy mineral fertility than siliciclastic rock (Garzanti et al., 2009), which 
could result in an overprediction of diorite/gabbro/amphibolite detritus in finer grain sizes. This hydraulic 
effect is possibly amplified because the compositional difference between finer grain sizes is smaller than for 
coarser grain sizes (Figure 6), which influences the performance of the mixing model.

3.  Database effect: There may be additional sediment sources we have not considered in this mixing model due 
to missing source rock data, and the model thus attributes certain contributions to the chemically closest but 
wrong source rock class.
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In the Gersprenz river, the mixing model predicts a higher contribution by the diorite/gabbro/amphibolite as well 
as the clastic source in the finer-grained samples than in the coarser-grained samples. Both the source rock effect 
and the hydraulic effect seem plausible explanations since we observe increasing contents of elements such as 
MgO, P2O5, TiO2, and Fe2O3 in the finer grain-size fractions (Figure 4). Similarly, the model predicts a higher 
diorite/gabbro/amphibolite contribution in the Mümling river. However, the catchment of the Mümling river 
is dominated by clastic rocks and mafic rocks are not exposed. As in the Gersprenz, we observe an increase of 
MnO and MgO in the finer grain sizes of the Mümling samples (Figure 4), pointing toward a hydraulic control. 
However, in the Mümling drainage area, there are minor occurrences of mud and carbonate rocks that could 
contribute to MnO and MgO and that we did not consider in the mixing model (database effect). The results for 
the Modau indicate an overall higher contribution of the diorite/gabbro/amphibolite source than in the other two 
rivers, which is plausible given that around half of the catchment area is covered by this type of rock (Figures 1 
and 11). The contribution of the granitoid source decreases with decreasing grain size, which we interpret as a 
source rock effect with overall coarse-grained detritus supplied by the granitoid source. The model also predicts 
a clastic contribution in the finer grain sizes, which we interpret as a database effect There is only a very small 
percentage of pre-Quaternary sedimentary rocks present in the Modau catchment, and it seems quite unlikely 
that they contribute over 50% to the river sediment. However, sediment could be delivered by loess and other 
Quaternary sediment because they cover around a third of the catchment area (Figures 1 and 11), are quite erodi-
ble due to lack of cement, and tend to deliver silt- or fine-sand fractions (Pflanz et al., 2022). Although the three 
loess samples from the Modau catchment considered in this study are not particularly similar to the sedimentary 
clastic source (Figure 10), loess remains the most likely sediment source, and more data are needed to test this 
hypothesis.

6. Conclusions
The composition of bulk fluvial bedload sediment changes over a short observation period in all four studied 
river basins. This is primarily caused by variations in grain-size distribution rather than changes in source contri-
butions. Especially extreme events, such as the February 2020 flood in the Gersprenz catchment, can cause bulk 
sediment compositions that are not representative. However, even narrow grain size compositions show temporal 
variability in response to hydrodynamics and the resulting enrichment or depletion of heavy minerals. This has 
been noted in other studies (e.g., Bouchez et al., 2011), but the quantification of selective entrainment as a func-
tion of flow strength and transport capacity remains challenging, especially for bedload sediment (Komar, 2007; 
Slingerland, 1977). In addition, sediment composition changes significantly with grain size due to source rock 
texture and sorting effects (Garzanti et al., 2009; Jonell et al., 2018; von Eynatten et al., 2012). Consequently, 
neither bulk sediment nor narrow grain-size fractions necessarily provide an averaged composition reflecting 
typical erosional and depositional processes in the catchment area. However, using a combination of methods 
(geochemistry, mineralogy, granulometry) on multiple samples and multiple narrow grain-size fractions enables 
disentangling the different processes controlling sediment composition and the reasons responsible for its tempo-
ral variability (Jonell et al., 2018). The importance of time-series analysis was also demonstrated by Rousseau 
et al. (2019) and van der Perk and Espinoza Vilches (2020), who used a similar approach for suspended sediment. 
Where such detailed sampling over several months is not possible due to practical (e.g., temporal or finan-
cial) reasons, an average temporal geochemical variability of 15%–20% should be taken into consideration. Our 
recommendation for sediment fingerprinting and mixing modeling of source rock contributions with geochemi-
cal data is to use several narrow grain sizes to reduce the effects of temporal and granulometric variability. The 
selection of specific grain-size fraction(s) for mixing modeling requires knowledge of source rock composition 
and texture, as some (e.g., volcanic) source rocks may not supply significant amounts of sand-sized detritus to 
the bedload (e.g., Hatzenbühler et al., 2022). In our case, however, coarse grain sizes (<1 Φ) gave more realistic 
source rock contributions, approximately equal to their areal distribution in the catchments, than fine grain sizes 
(>3 Φ). Particularly, the finest fraction (>4 Φ) yielded similar predicted source contributions (ca. 50:50 of clastic 
and diorite/gabbro/amphibolite sources) for the three considered catchments despite obvious lithological differ-
ences in their bedrock geology.
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