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Abstract 
 
Influence of Sample Preparation on Portable XRF-analyses of Aeolian Sediments:  a Case 
Study 
Markus L. Fiola 
 
The geochemical composition of aeolian sediments like windblown dust particles is of major importance 
for the exploration of dust origin and weathering conditions. This allows for the reconstruction of dust 
transport pathways and thus wind directions and palaeoclimate conditions. The loess deposits of the 
Carpathian Basin are the most complete terrestrial sediment climate archive in Europe, yet their 
development is still not fully understood. With the advancement of accurate field portable X-ray 
fluorescence (XRF) spectrometers, field applications have become possible, allowing in-situ 
geochemical analysis and potential advances in understanding the source of Carpathian Basin loess. 
However, previous work has failed to address the question of sample preparation and device 
interchangeability in the context of loess analyses.   

This study uses both Bruker Tracer 5i and Titan S1, as well as secondary data obtained with an 
Ametek SpectroXepos, to investigate sample preparation influences on aeolian sediment samples from 
Irig (Serbia) and Madaras (Hungary). Results showed that although absolute values deviate substantially 
between devices using different calibrations, some elemental ratios like Ca/Ti or Rb/Sr can still be 
compared when only relative changes are interpreted. Absolute concentrations of light elements, such 
as magnesium and calcium, were strongly influenced by milling or acid treatment. Absolute 
concentrations of light elements were also strongly influenced by changes in sample moisture, whereas 
the effect on the absolute concentrations of heavier elements was comparably small. Results also show 
that the influence of sample moisture needs to be considered when computing paleoclimatic indicator 
ratios involving aluminium or strontium, as sample moisture has a strong effect on the absolute 
concentration of these elements. 

Most deviations in measured absolute concentrations between untreated and prepared samples were 
attributed to the special nature of compositional data and could be removed through the application of 
additive or centred log-ratio transformations. This highlights the importance of considering the closure 
effect, using proper and robust statistical analyses in sediment provenance research. 

The geochemical data provided in this study shed light on dust provenance and the paleoclimatic 
development of the southeast European loess and highlight the effects of analysis technique on 
interpretation of this geochemical data. 
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Populärvetenskaplig sammanfattning 
 
Inverkan av provberedning på röntgenfluorescensanalys av eoliska sediment: en fallstudie 
Markus L. Fiola 
 
Lössjordar består av finkornigt atmosfäriskt stoft som kan transporteras långa sträckor med vinden. 
Stoftet kan bildas av till exempel glaciärer som maler ner sten till finkornigt pulver. Detta finkorniga 
pulver transporteras sedan med glaciärernas smältvatten till vattendrag som avsätter det transporterade 
sedimentet i flackare områden. När sedimentet torkar kan det upptas av vinden och, beroende på 
kornstorlek och vindintensitet, transporteras olika långt från dess härkomstområden. Atmosfäriskt stoft 
kan över perioder av tusentals år ackumuleras i tjocka stoftlager och bilda lössjordar. Detta skedde till 
exempel under den senaste istiden, för ca 20 000 år sedan, i östra Europa längsmed floden Donau. 
 Lössjordarna är därför antingen direkt eller indirekt kopplade till glaciärutbredning och dess kemiska 
sammansättning kan möjliggöra rekonstruktion av klimatförhållanden tusentals år tillbaka.  
 Röntgenfluorescensspektrometrar kan användas för att analysera den kemiska sammansättningen av 
sediment. Dessa mäter den sekundära strålning, s.k. röntgenfluorescens, som ett sedimentprov som 
bestrålats med röntgenstrålning avger. Då våglängden för denna sekundära strålning är specifik för varje 
grundämne, kan röntgenfluorescensanalys användas för att bestämma sedimentprovers kemiska 
sammansättning. 
 Med utvecklingen av bärbara röntgenfluorescensspektrometrar är det nu möjligt att bestämma den 
kemiska sammansättningen av sediment eller bergarter på plats i fält. Röntgenfluorescensanalys 
påverkas dock av flera parametrar, såsom provets kornstorlek och fuktinnehåll, vilket komplicerar 
applikationen i fält. Normalt justeras dessa parametrar för genom arbetsintensiv provberedning i labbet, 
för att ge homogena prover and därmed pålitliga resultat.  
 Denna studie undersöker inverkan av provberedning på analytiska resultat av bärbara 
röntgenfluorescensspektrometrar. Lössjord från Ungern och Serbien har analyserats och resultaten 
jämförts efter varje steg i provberedningsprotokollet. Provberedningen av sedimentproverna inkluderar 
siktning, avlägsnande av karbonater och organiska komponenter, samt malning. Dessutom mättes och 
jämfördes fuktiga prover med torra prover för att undersöka inverkan av fuktinnehåll på analytiska 
resultat.  
 De bärbara röntgenfluorescensspektrometrarnas analytiska resultat jämfördes med resultat från 
konventionella röntgenfluorescensspektrometrar för att undersöka potentiella skillnader i noggrannhet 
och precision.  
 Resultaten visar att provberedning med flourvätesyra hade den förväntade största inverkan på 
absoluta resultat, medan malning och siktning hade en mycket svagare inverkan. 
 Det bör understrykas att de absoluta förändringar av analytiska resultat som uppmätts ofta har kunnat 
tillskrivas de speciella statistiska egenskaper som är specifikt för data kopplad till provers kemiska 
sammansättning. Observerade skillnader mellan torra och fuktiga prover är till exempel mycket mindre 
än de skenbara skillnaderna mellan absoluta koncentrationer av olika grundämnen. Det är därför absolut 
nödvändigt att enbart jämföra relativa trender av förändringar i sedimentprovers kemiska 
sammansättning och därmed avstå från tolkningar baserade på absoluta förändringar. 
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Popular science summary 
 
Influence of Sample Preparation on Portable XRF-analyses of Aeolian Sediments:  a Case 
Study 
Markus L. Fiola 
 
Loess is a fine-grained dust which can be transported by wind over long distances. These dust particles 
can be formed for example by glaciers, which grind rocks to fine powder. This fine powder is then 
transported with the meltwater of the glaciers into rivers, which deposit the transported sediment in 
flatter regions. When the sediment dries it can be entrained by the wind and, depending on particle size 
and wind intensity, be transported over varying distances from its source regions. The dust particles will 
then, depending on their size and intensity of the wind, fall down again. If this happens over a long 
period of time, like thousands of years, thick dust layers can be formed, which are then called loess 
deposits. This happened for instance during the last glacial period, ca. 20,000 years ago, in Eastern 
Europe along the Danube River. 

These loess deposits are therefore either directly or indirectly connected to the extent of glaciers and 
the chemical composition of loess could allow for reconstruction of climate conditions thousands of 
years ago.   

X-ray fluorescence spectrometers can be used to analyse the chemical composition of sediment. They 
are based on the phenomenon that a sample radiated with X-rays interacts with these and reflects them 
back, so called X-ray fluorescence. This reaction is specific for every element and allows therefore the 
analysis of the elemental composition within a sample. 
 With the development of portable X-ray fluorescence spectrometers, it is now possible to analyse the 
chemical composition of sediments or rocks directly in the field. However, X-ray fluorescence is 
dependent on several parameters like grain sizes and moisture within the sample, which complicates the 
application in the field. Normally, these parameters are handled by labour-intensive sample preparation 
in the lab, to get a homogeneous sample and thus reliable results. 
 This study investigated the influence of sample preparation on analytical results of portable X-ray 
fluorescence spectrometers.  Loess samples from Hungary and Serbia were analysed and results were 
compared after each step of sample preparation procedure. The sample preparation included sieving, 
removing of carbonates and organic components and milling of the sediment samples. Additionally, wet 
and dry samples were measured to investigate the influence of moisture on analytical results. 
 The analytical results of portable X-ray fluorescence spectrometer were compared with bench top 
devices to investigate potential differences in accuracy and precision. 
  It could be shown that the sample treatment with hydrochloric acid had the expected highest influence 
on absolute results; milling and sieving had a much weaker influence. 
 It is necessary to highlight the finding that absolute changes of analytical results (compositional data) 
can often be attributed to their special statistical characteristics. For instance, the observed differences 
of dry and wet samples are much smaller than the apparent differences in absolute element 
concentrations. Therefore, it is absolutely necessary to compare only relative trends and avoid 
interpretations of absolute changes. 
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Populärwissenschaftliche Kurzfassung 
 
Einfluss der Probenaufbereitung auf Röntgenfluoreszensanalyse aeolischer Sedimente: eine 
Fallstudie 
Markus L. Fiola 
 
Löss ist feinkörniger Staub, welcher durch Wind über lange Strecken transportiert werden kann. 
Gebildet wird er zum Beispiel, wenn Gletscher Gesteinsmassen zu feinem Pulver zermahlen. Dieses 
wird dann im Schmelzwasser des Gletschers weitertransportiert und landet von dort in Flüssen, welche 
das transportierte Sediment dann in  flacheren Regionen ablagern. Fällt das Sediment trocken, kann der 
Wind den feinen Staub wegblasen und über weite Strecken transportieren. Der Staub fällt dann, je nach 
Intensität des Windes und der größe der Staubpartikel, irgendwann wieder hinunter. Geschiet dies über 
einen längeren Zeitraum von mehreren tausend Jahren, können sich so mächtige Staubschichten bilden 
und man spricht von Lössablagerungen. So geschehen ist dies zum Beispiel während der letzten Eiszeit 
vor ca. 20.000 Jahren, in Osteuropa entlang der Donau. 
 Diese Lössablagerungen stehen also entweder direkt oder indirekt in Zusammenhang mit 
Vereisungen durch Gletscher und erlauben uns deshalb anhand ihrer Mächtigkeit und ihrer chemischen 
und mineralogischen Zusammensetzung, Aussagen über die klimatischen Bedingungen vor vielen 
tausend Jahren zu treffen. 

Um die chemische Zusammensetzung von Sedimenten zu ermitteln, kann man zum Beispiel 
Röntgenfluoreszensspektrometer verwenden. Diese basieren auf dem Phänomen, dass eine Probe wenn 
sie mit Röntgenstrahlung bestrahlt wird, mit dieser reagiert und reflektiert. Diese Reaktion, auch 
Röntgenfluoreszenz genannt, ist spezifisch für jedes Element und bietet daher die Möglichkeit, 
Aussagen über die Elementzusammensetzung einer Probe zu treffen.  

Mit der Entwicklung von tragbaren Handspektrometern ist es nun möglich, die chemische 
Zusammensetzung von Sedimenten oder Gesteinen direkt im Gelände zu bestimmen. Allerdings ist die 
Röntgenfluoreszenanalyse abhängig von Parametern wie  Korngröße oder Feuchtigkeit in der Probe, 
welches die Anwendung im Gelände erschwert. Normalerweise werden diese Parameter durch 
aufwendige Probenaufbereitung im Labor neutralisiert um eine homogene Probe und damit 
ausagekräftige Analyse zu erreichen. 

Im Rahmen dieser Studie wurde versucht herauszufinden, in wie weit Probenaufbereitung die 
Messergebnisse tragbarer Handspektrometer beeinflusst. Hierfür wurden Lössproben aus Serbien und 
Ungarn analysiert und Analyseergebnisse nach jedem Schritt der Probenaufbereitung verglichen. Die 
Probenaufbereitung umfasste sieben des Sedimentes, entfernen von Karbonaten und organischen 
Komponenten und mahlen des Sedimentes. Zusätzlich wurden Proben in trockenem und nassen Zustand 
gemessen um den Einfluss von Feuchtigkeit auf Messergebnisse zu ermitteln. 

Ferner wurden ebenfallls Handspektormeter mit klassischen Röntgenfluoreszenzspektrometern 
verglichen um eventuelle Differenzen in der Präzision und Genauigkeit zu ermitteln. 

Es konnte gezeigt werden dass die Behandlung der Proben mit Salzsäure erwartungsgemäß den 
größten Einfluss auf Messergebnisse hatte. Mahlen und Sieben der Proben hatte weit weniger Einfluss 
auf Messergebnisse. 

Hervorzuheben ist die Erkenntnis, dass absolute Änderungen von Messergebnissen (compositional 
data) oft auf ihre statistische Besonderheiten beruhen. So sind zum Beispiel beobachtete Messergebnisse 
zwischen nassen und trockenen Pulverproben weit geringer als von den absoluten Analysewerten 
ersichtlich. Daher ist es notwendig, relative Trends zu vergleichen und Interpretationen von Messwerten 
basierend auf absoluten Änderungen zu vermeiden. 

 
Schlüsselwörter: tragbare Handspektrometer, RFA, Löss, Sediment, Probenaufbereitung, compostional 
data 
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1. Introduction 

Atmospheric dust content influences climate on a global scale by affecting the Earth’s radiation balance, 

biogeochemical cycles and patterns of precipitation and atmospheric circulation (Harrison et al., 2001; 

Maher et al., 2010). The mechanisms and feedbacks by which dust and climate influence each other is 

a complex issue and far from fully understood. The correlations found between dust variability in various 

sedimentary archives and ice core records on different timescales, and variations in important 

paleoclimatic indicators, such as atmospheric carbon dioxide concentrations and the marine oxygen 

isotope record, do however provide motivation for a deeper understanding of the link between dust and 

climate (Harrison et al., 2001; Maher et al., 2010). 

Windblown dust largely consists of silt- and clay-sized rock and mineral fragments and particles. 

Dust can be transported vast distances from its source area before it is deposited, and can over time 

accumulate into thick loess deposits (Pye, 1995). The extensive loess deposits of the Danube basin in 

southeast Europe contain the continent’s most complete terrestrial records of Quaternary climate change 

(Haase et al., 2007). Glacial grinding and periglacial erosion are thought to have increased silt 

production in the upper reaches of the basin, which the Danube River and its tributaries transported 

downstream for deposition at its riverbanks. These fine sediments were subsequently transported from 

the riverbanks and floodplains for deposition as loess on the surrounding (Smalley & Leach, 1978; 

Buggle et al., 2008; Újvári et al., 2008; Smalley et al., 2009). Enhanced glacial grinding is proposed to 

have increased silt production and loess deposition during glacial phases. The reduced glacial grinding 

and the milder climate during interglacials reduced loess deposition and allowed for soils to develop. 

With time, the glacial-interglacial shifts produced the loess-palaeosols sequences that today characterize 

the Danube basin sediments. This is supported by observations of increased loess thickness and aeolian 

content from the headwater mountainous slopes to the downstream lowlands (Haase et al., 2007), and 

by recent geochemical studies (Buggle et al., 2008; Újvári et al., 2008, 2012).  

The correlation between glacial-interglacial cycles in loess and the oxygen isotope stages (MIS) of 

deep-sea sediment was first established in the Danube region in the 1970’s, and is still valid today (Fink 

& Kukla, 1977). The many countries the Danube basin covers and the varied geomorphology of the 

landscape has however been a problem concerning the correlation of the remaining Danube loess to the 

MIS record and creating a unified research basis (Marković et al., 2015, 2016). The many different 

regional and national stratigraphic models have made it difficult to integrate and correlate data, 

especially since many of these have been revised and reinterpreted with the implementation and 

improvement of geochronological methods, such as luminescence dating and amino-acid racemization 

(AAR) (Marković et al., 2015, 2016). A unified basin wide stratigraphic model has been called for 

(Marković et al., 2015),  which could help reduce the significant gaps in the knowledge about the 

regional climate evolution of the Danube basin. 
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The geochemical composition of sediments, and its temporal and spatial variability, is often used as 

basis for paleoclimatic and dust provenance reconstructions. Properties such as magnetic susceptibility, 

grain size and elemental and isotopic composition have been used as proxies for weathering and 

sediment in palaeoclimatic studies of loess archives (Buggle et al., 2008; Jeong et al., 2008; Újvári et 

al., 2008; Liang et al., 2013; Schatz et al., 2015). Knowledge of loess provenance is fundamental to be 

able to reconstruct dust pathways and atmospheric circulation patterns. Provenance studies are therefore 

of crucial importance for understanding the link between dust and climate (Harrison et al., 2001; Stevens 

et al., 2010; Xiao et al., 2012).  

Shifts in sediment source mineralogy are however not easily identified by changes in geochemical 

composition, as element concentrations also are influenced by processes of weathering, pedogenesis and 

grain size sorting (Buggle et al., 2011; Liang et al., 2013). To attempt to isolate source signals, ratios of 

element concentrations have been used. The concept of using elemental ratios as provenance proxies is 

based on the idea that even though changes in absolute content may occur, the relative abundance of 

two relatively immobile elements, which are not easily mobilized by weathering, should not change 

significantly unless there has been a change in source (Buggle et al., 2011; Liang et al., 2013). If the 

ratio includes an element that is relatively unaffected by grain size sorting, or if this process is accounted 

for, source signals are more likely to be identified using elemental ratios than by using single elements 

alone (Sheldon & Tabor, 2009; Liang et al., 2012, 2013). 

The widespread use and importance of geochemical indicators in paleoclimatic studies on loess and 

other fine-grained sediments requires the use of a reliable method for determining geochemical 

composition. X-ray fluorescence spectroscopy (XRF) is a non-destructive, efficient and accurate method 

widely used to determine the geochemical composition of bulk sediments, frequently used in loess 

studies (Sheldon & Tabor, 2009). The recent development of portable XRF-devices could potentially, 

if these were demonstrated to be sufficiently accurate, significantly expand the use and application of 

the technique by allowing fast and easy use in the field.  

If the influence of sample preparation on resulting geochemical concentration values can be 

demonstrated to be of little importance on loess samples, analyses would benefit in two ways. First, time 

needed for sample preparation would be greatly reduced, resulting in more time that can be used on 

measurements, and thus increasing the amount of data acquired. Second, field application of portable 

XRF-spectrometers would open new possibilities in loess research, as geochemical analyses could be 

carried out directly in the field. This could help to improve sampling routine and reduce the amount of 

sample material that needs to be gathered.  

Using geochemical indicators as provenance proxies have allowed for interpretations of variations 

in the Chinese loess record that have deepened our understanding of the late Cenozoic climate evolution 

of southeast Asia (Harrison et al., 2001; Stevens et al., 2010; Xiao et al., 2012). The progress made by 

research into the Chinese loess archive over the last two decades has recently renewed interest in the 

Danube loess (Marković et al., 2015) and portable XRF-spectroscopy is a potentially useful tool in such 
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work. The possibility of correlating the central Asian and southeast European loess archives holds the 

potential of putting mechanisms of loess formation into a global perspective, thereby deepening our 

understanding of the global dust cycle and its link to global climate evolution (Smalley et al., 2009; 

Marković et al., 2015).  

Although the Danube loess archive has been shown to include multiple depositional hiatuses 

(Horváth, 2001; Thiel et al., 2014), the advances in geochronological methodologies, the development 

and application of paleoclimatic proxies and the region’s wide geographical distribution, covering 

several paleoclimatic regions, has led the Danube basin to become an important stratigraphic reference 

for Quaternary climate change (Marković et al., 2016).  The well-preserved and more complete loess 

archives of Hungary and northern Serbia, the Vojvodina region, in the Carpathian basin are of particular 

interest for reliable climate reconstructions on long time-scales (Horváth, 2001). 

Compared to the work done on e.g., Chinese loess, relatively few studies of the Danube basin have 

focused on using provenance proxies as a means of paleoclimatic reconstruction.  The debate regarding 

the loess sources of the Carpathian basin appears to be primarily concerned with the relative influence 

of Alpine versus Carpathian Mountains source areas, as well as their spatial and temporal variability, 

the potential input of glacial debris from northern European ice-sheets, the relative contribution of the 

Danube River versus its branches, and the role of fluvial versus aeolian mechanisms in loess formation 

and transport (Smalley & Leach, 1978; Smith et al., 1991; Buggle et al., 2008; Újvári et al., 2008; 

Smalley et al., 2009; Újvári et al., 2012; Fitzsimmons et al., 2012; Marković et al., 2016). 

 The origin of the Danube loess is still far from resolved, mainly due to the complex setting of the 

Danube basin and the lack of detailed, wide-spread and independent data (Fitzsimmons et al., 2012; 

Újvári et al., 2012; Buggle et al., 2013; Marković et al., 2015, 2016). A better understanding of the 

sources of Danube loess, and by extension a deeper understanding of the region’s paleoclimatic 

development, requires more high-resolution geochemical data and detailed spatial and temporal 

comparisons across the basin.  
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1.1.  Aims of this study 
In this thesis XRF-spectroscopy is used to determine the geochemical composition of last glacial loess 

from two sites in the Carpathian basin in Eastern Europe. In order to do so I investigate the influence of 

method sample preparation on resulting element concentrations to evaluate the potential of 

implementing portable XRF devices, as opposed to using bench top instruments, as an easy, cost-

effective and reliable way of measuring loess composition. This study helps to evaluate the effect of 

grain size separation, sample milling and moisture on XRF-readings as well as the influence of sample 

cover film. Furthermore, the effect of measurement time on measurement precision is assessed. 

Secondly, this thesis also addresses the issue of device interchangeability, as different portable XRF-

spectrometers are considered to differ heavily in their accuracy and precision (Brand & Brand, 2014). 

Additionally, XRF-readings of portable and bench top spectrometers are compared to assess differences 

between the two kinds of XRF-spectrometer setups. 

 Finally, element ratios are explored to investigate and discuss variability of loess composition in the 

Hungarian and Serbian loess. In addition to assessing the usefulness of portable XRF in loess research 

generally, the geochemical data provided in this study may improve our understanding of the 

mechanisms that control Danube loess geochemistry and influence the geochemical methods used to 

measure it, which in turn may deepen the understanding of the paleoclimatic development of the region. 
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2. Background: The loess of Eastern Europe 

2.1.  On loess and the processes affecting its chemical composition 
Loess, originating from the German  word “Löss”, was first described by von Leonhard (1823) in the 

18th century, describing yellow, fine grained sediment deposits along the Rhine river valley in southern 

Germany. Loess is an aeolian sediment of mainly silt- and clay sized particles that cover ca 10% of the 

Earth’s terrestrial surface (Pye, 1995), although the definition of loess changed through time (Sprafke 

& Obreht, 2016). Erosion and weathering of rocks or coarser sediments can produce fine grained 

particles that are carried by wind for potentially thousands of kilometres from their origin before 

deposition. Other possible sources of dust are for instance volcanic tephra or silt production in river 

floodplains (Muhs, 2013). 

During transportation, dust from different source areas and of different composition has time to mix. 

The winds capacity to carry lighter dust particles longer distances compared with heavier grains, leads 

to a grain sorting process during transportation in which coarser (12-70 μm) grains are deposited closer 

to the source than finer (<3 μm) grains. After deposition and during burial, processes of weathering, 

erosion, pedogenesis, bioturbation and diagenesis affect loess deposits to varying degrees. Furthermore, 

loess of other origin may be mixed in during transport or at the place of deposition. There are many 

processes and mechanisms that influence loess composition, which then may no longer directly reflect 

sediment source mineralogy. For instance, these processes include sediment mixing, alteration and grain 

size sorting during transport as well as post-depositional effects such as weathering.  One must therefore 

understand and account for the effects of these processes to be able to use geochemical proxies to isolate 

and investigate a specific parameter.  

 Chemical weathering affects elements differently depending on their solubility, which is determined 

by the strength of its chemical bonds and influenced by chemical and environmental conditions, e.g. 

temperature, pH, surrounding elements, redox conditions (Leeder, 2011, p. 7). Elements that form weak 

bonds with oxygen are highly soluble and effectively removed from the sediment even by weak rates of 

weathering. These include sodium, calcium and magnesium, which in loess are mainly found in 

carbonates and plagioclase. Elements that form stronger bonds with oxygen require stronger rates of 

weathering to be affected, while elements that are largely unaffected by chemical weathering are 

considered immobile. Chemical weathering therefore leads to loess being increasingly depleted of 

soluble elements and enriched in immobile elements.   

Loess composition can also be affected by grain size changes due to different elements being 

enriched in different grain size fractions. These grain size sorting effects are caused by hydraulic 

properties of the minerals. For instance, heavy minerals, which are main contributor for elements like 

titanium or zirconium, settle much earlier than quartz, due to their higher density. This could express in 

loess deposits in form of variation of elements like zirconium along a sediment transport pathway. 
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Elements that are enriched in finer grains, e.g., aluminium, iron, magnesium, manganese, potassium, 

will have a higher concentration in bulk samples with a higher amount of fine grains, or when using 

separated fine-grained samples. Elements that are enriched in coarser grains, primarily silicon, will in 

the same way lead to a higher concentration in bulk samples of a coarser average grain size, or in 

separated coarse-grained fractions. Some elements show either irregular changes in concentration, e.g. 

calcium, or little grain-size dependency, e.g. titanium, across different grain sizes (Buggle et al., 2011; 

Liang et al., 2012).  

2.2.  The loess archive of the Carpathian basin 
The 2800km long Danube River has the second largest river catchment in Europe. Extensive and thick 

loess deposits that reflect the region’s palaeoclimatic development are preserved on its riverbanks, 

floodplains and surrounding areas (Marković et al., 2015). The river and its branches have themselves 

been proposed to play a fundamental role in the transportation and deposition of silt and thus loess 

formation (Smalley et al., 2009). 

The loess archives of the Carpathian basin encompass the especially thick and well-preserved 

deposits of the Great Hungarian Plains and the Vojvodina region in northern Serbia (Smalley & Leach, 

1978; Haase et al., 2007). These hold valuable information of Europe’s past climate change over more 

than the last million years and are therefore of key importance for understanding the continents 

environmental development (Marković et al., 2015). The lack of a unified stratigraphic framework has 

resulted in few basin-wide studies, and attempts have therefore been made toward using a labelling 

system based on the Chinese stratigraphic model as the loess stratigraphy of both regions are thought to 

reflect climatically controlled environmental shifts. In this model, alternating lithostratigraphic units of 

loess and palaeosols reflect climate oscillations between cold and dry glacial periods and more humid 

and warm interglacial periods primarily by correlation with variations of the marine oxygen-isotope 

stages (Buggle et al., 2009). This has resulted in a proposed new stratigraphy using the synthetic section 

of Mosorin and Stari Slankamen sites in Serbia (Marković et al., 2006, 2009; Buggle et al., 2009; 

Marković et al., 2015).  

Most studies into the Danube loess records have focused on using biomarkers or variations in 

geochemical composition, sedimentary characteristics, magnetic properties and mass accumulation rates 

in modelling simulations or as paleoclimatic indicators of changes in paleowind patterns and weathering 

conditions (Markovic et al., 2004; Marković et al., 2006, 2007, 2008; Bokhorst et al., 2009; Bradák et 

al., 2011; Novothny et al., 2011). Results broadly support the model of relatively homogeneous loess 

layers being formed during the Pleistocene semiarid cold periods of high accumulation and weak 

weathering rates, sharply interrupted by palaeosol layers created by the more humid and pedogenic 

conditions during interglacials when input of new material was significantly reduced (Bradák et al., 

2011; Buggle et al., 2013; Marković et al., 2013). Observed erosional phases have been suggested to 

reflect a reworking of the deposited loess during the low accumulation rates of interglacials, possibly 
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connected to episodic events when vegetation was scarce and precipitation rates high (Bradák et al., 

2011).    

Few studies have made interpretations of past environmental conditions based on provenance 

proxies.  Methods of geochemical fingerprinting, for instance comparing the geochemical composition 

of samples to that of a potential sediment source and paleowind reconstructions were used to suggest 

that aeolian reworking of recent Danube floodplain sediments is the most important source of Danube 

loess (Buggle et al., 2008; Thamó-Bozsó et al., 2014; Újvári et al., 2014). The lack of significant spatial 

and temporal variability in loess composition across the Danube basin has been suggested to indicate a 

uniform or similar dominating source, across loess-palaeosol boundaries for at least the last 0.8 Ma 

(Újvári et al., 2008, 2014). Recent observations of significant spatial variability in Hungarian loess-

palaeosol sequences do however question the validity of such an interpretation and complicate the use 

of the Stari Slankamen section in Vojvodina as stratigraphic reference (Fitzsimmons et al., 2012).  

The provenance of the Hungarian loess is particularly difficult to determine due to its high degree of 

variability and its location close to areas of former continental ice sheets (Smalley & Leach, 1978; Smith 

et al., 1991; Wright, 2001). Loess deposits in the west have been proposed to be of both northern 

European and Alpine glacial origin, carried into the basin by floodwaters through the Moravian 

depression and by the Danube River respectively. Loess deposits east portion of the Danube river are 

thought to be weathered material from the flysch type rocks of the Carpathian mountains, transported 

into the basin by the Tisza river (Smalley & Leach, 1978). Results of detrital zircon ages using U-Pb 

dating techniques support the hypothesis of multiple sources for the Hungarian loess (Újvári et al., 

2012). Detrital heavy mineral composition suggests a consistent and dominating felsic or reworked 

sedimentary source area with input of additional local rocks, possibly from secondary sources in the 

eroded uplands that the Danube and Tisza rivers pass through and from primary origin in uplifted 

proximal areas such as the Transdanubian Range and the Transdanubian Hilly region (Smith et al., 1991; 

Buggle et al., 2008; Thamó-Bozsó et al., 2014; Újvári et al., 2014). 

The element composition of the Vojvodina region loess does not suggest the northern Alpine 

mountains or surrounding glaciated foreland areas to be the dominant sediment source for the northern 

Serbian deposits. The Carpathian Mountains and the base of the Alps are instead proposed as likely silt 

sources during periods of accelerated tectonic activity during the Quaternary period.  Weathering 

products were then transported into the Carpathian basin by the Tisza River and smaller branches to the 

Danube River (Buggle et al., 2008).  
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2.3.  Samples and sample location 

Sample material from two loess sections from southeast Europe has been investigated. The first loess 

section is located near Irig in the Vojvodina region of northern Serbia and the second is located near 

Madaras in south Hungary, near the border to Serbia. Both sections are proposed to cover mostly the 

Holocene to late Pleistocene period  (Marković et al., 2007; Sümegi et al., 2012). Samples for both 

sections were provided by Thomas Stevens, Uppsala University, Sweden. Pressed pellets of sediment 

samples from the Irig loess section were also provided by Igor Obreht, RWTH Aachen, Germany. 

Pressed pellet samples were only used for identification of device interchangeability. 

 

 

2.3.1.  The Irig loess section 

The Irig loess section (45°05.049'N, 19°51.932'E) is located in northern Serbia, approximately 75km 

south of Novi Sad (see Fig. 2). The total depth of the profile is about 10m, starting with the Holocene 

(S0) soil layer at the top, down to a weakly developed A-horizon within the S2 (penultimate interglacial) 

palaeosol layer. The upper last glacial loess layer (L1) includes two interbedded chernozem soil layers. 

Sampling interval was variable and adapted to capture interface- or unique layers, like tephra. Two 

samples were taken from the Holocene soil layer (S0), 12 samples were taken from the last glacial loess 

(L1) sequence, four from the last interglacial soil (S1) and five from the penultimate glacial loess (L2) 

sequence, including one sample from a tephra layer within the unit.  Sample amount was approximately 

Fig. 1: Sketch showing stratigraphy of the Madaras (left) and Irig (right) loess sections. Black dots 
indicate sample points, red dots indicate samples used in this study. L: loess, S: palaeosol, 
numbers increasing with stratigraphic age; chern.: chernozem soil horizon. Both sketches adapted 
from unpublished work (Thomas Stevens; personal communication April 2017). 



9 
 

40g per sample. Three samples were taken from the penultimate interglacial soil (S2) layer at the bottom 

of the profile. The total number of samples taken was 27; eight samples were randomly selected for this 

study (see Fig. 1).  

 

2.3.2.  The Madaras loess section 

The Madaras loess section (46°02.253'N; 019°17.241'E) is located close to the Serbian border in south 

Hungary ( Fig. 2). The section consists of a loess palaeosol-sequence that only covers the latest glacial 

loess and Holocene top soil. The loess succession includes two palaeosol interlayers (L1SS1 & L1SS2, 

Fig .1). The total thickness of the profile is about 10m from the S0 layer at the top down to the L1SS2 

palaeosol layer. The interface between the top soil layer (S0) and the youngest loess layer (L1LL1) 

contains lime nodules. The bottom of the L1SS2 layer, at a depth of approximately 10.5m, is underlain 

by a sand layer. 

 Sampling interval was 10cm, with only exception made for the middle of the two loess layers where 

the sample interval was doubled (see Fig. 1). For each step, approximately 15g of sediment was sampled. 

The total amount of samples taken was 97. Ten samples were randomly selected for this study. 

2.3.3.  Previous studies 

Few studies to date have focused on the sedimentological characteristics of the Irig and Madaras sites. 

For example, Marković et. al. (2007) use molluscs for biostratigraphy and also provide a detailed 

lithostratigraphic description of the Irig site. They also provide relative age data by amino-acid 

geochronology as well as infrared optically stimulated luminescence ages for the loess layers. They 

propose an age of 18.6 ka ±1.6 for the L1, and an age of 83.6 ka ±6.4 for the L2 layer (Marković et al., 

2007, p. 6). 

 For the Madaras section,  the study of Sümegi et al. (2012) provides the first magnetic susceptibility 

data, other studies have focused on reconstructing palaeo-environmental conditions using snail fossils 

(Krolopp & Sümegi, 1995; Páll et al., 2013). 

 The lack of detailed geochemical data available for both sites highlights the need for further 

geochemical investigations of these sites. 
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Fig. 2: Map showing location of the two 
loess sections (map below). Orange frame 
(right map) indicates map extent of the 
map shown below. Sample locations of the 
Madaras (Hungary) loess section indicated 
by red dot (●), the Irig (Serbia) loess 
section indicated by red cross (×). 
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3. Background: Compositional Data analysis 

The results of a geochemical analysis are not as easy to interpret as one might think. Over the last 

decades quite a few studies pointed out the problems of working with geochemical composition datasets, 

which are based on relative information (Chayes, 1949; Tanner, 1949; Butler, 1979; Aitchison, 1986; 

Rollinson, 1992). However, this topic is often neglected in many scientific publications dealing with 

geochemical analyses. This chapter attempts to highlight the main concepts of compositional data 

analysis and aims to raise awareness of a fundamental question: the connection between correlation and 

causality.  

In studies like this one, element correlations and trends are the main tools to distinguish the source 

of sediments and conclusions are drawn based on the trend of a plot. Therefore one has to be aware of 

whether these observed features are artefacts of the statistical relationship between the variables or if 

these truly reflect the phenomenon investigated. 

For a more detailed introduction into the topic, see one of many publications to this problem (e.g. 

(Buccianti et al., 2006). This chapter will only briefly describe the mathematical context and 

background. A more thorough mathematical overview is given by e.g. (Barcelo-Vidal & Martín-

Fernández, 2016). Tolosana-Delgado (2012) addresses the problem in the specific context of 

sedimentology, which is most relevant for this study. 

3.1.  Compositional data 
The results of this study all represent a composition, meaning they describe a part of a total amount, a 

concentration in ppm, weight-percent, etc. Each part of the total composition is called component, 

whereas individual amounts per total are called portions. The amount of a component can never be 

negative or vary independently of the other components (Pawlowsky-Glahn & Egozcue, 2006) and its 

unit is dependent on the chosen amount, e.g., weight percentage or volume percentage (see (Boogaart 

& Tolosana-Delgado, 2013).  The scale is in most cases relative, which can also skew absolute changes. 

For instance, adding 20ppm to a 20ppm component doubles its amount, whereas adding it to a 

concentration of 1000ppm will not have the same relative effect. 

One of the distinctive features of compositional data is being constrained to a closed sum. The closed 

sum, or closure, effect describes the phenomenon of all components adding up to a constant, usually 1 

or 100. For example, if all components in a rock sample would be analysed, the total amount of 60%wt 

SiO2, 20%wt Al2O3, 15%wt Fe2O3 and 5%wt TiO2 would add up to 100.  

Compositional data rarely contains all components. For example, XRF analyses can usually only 

measure certain elements adequately (e.g., Ti, Mn), whereas others (e.g., C, O) cannot be measured 

although they might be present in the sample. However, the closure effect is always present, even if the 
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sum does not add up to a constant or does not equal 1 or 100 (Filzmoser et al., 2009). Moreover, it 

affects all elements, independent of their concentration (Reimann et al., 2012). 

It is worth mentioning that measuring just a subsample of the total does not remove the closed sum 

effect (Rollinson, 1993, p. 38). Furthermore, negative and null values are meaningless. In a 

compositional data set, they only appear as measurement errors or detection limits.  

3.1.1.  Closed sum consequences  

The closed sum effect has substantial consequences for the application of classical statistical methods. 

Classical statistical methods are based on a Gaussian normal distribution of the data (Zuo et al., 2013). 

However, compositional data does not fulfil this requirement, as geochemical data rarely is normal 

distributed (Reimann & Filzmoser, 2000), especially when they contain a high number (< 25%) of values 

below limit of detection (ibid.). Compositional data is often right-skewed, as the samples can represent 

more than one population or process (ibid.). Non-normally distributed data can therefore give biased or 

faulty results, if the assumption of a normal distribution of the data is violated (ibid.).  

As an example, the calculation of the arithmetic mean of right skewed data would result in a biased, 

too high, estimate of the central value (Filzmoser et al., 2009, p. 6100). Therefore, mean and standard 

deviation should not be used as estimators of location and spread for compositional data sets. The best 

estimator of location for such data is the median (Reimann & Filzmoser, 2000) and robust estimators 

such as the median absolute deviation (MAD) should be used instead of the standard deviation (Reimann 

& Filzmoser, 2000). As discussed in Rock (1988), the geometric mean can also be used, but has a 

number of associated dangers when applied to closed datasets.  

Similar to that, some authors argue that no interpretation can be drawn from averages of weight 

percentages or ppm values, if the dataset is closed (Woronow, 1990; Woronow & Love, 1990; Rollinson, 

1993, p. 38). The closed sum effect cannot be removed by transformation of the data into cations or 

presenting the data in a plot rather than a table (Butler, 1981; Rollinson, 1993, p. 38). 

 

3.1.2.   Log-ratio transformations 

The concept of working with ratios instead of absolute values was one of the first proposed attempts to 

address the problems of working with compositional data (e.g., (Chayes, 1949)). The common 

assumption when using ratios is that there is one element in the system which is “stable” or “fixed”, 

meaning it is not affected by processes as other elements (Pearce, 1968; Stanley & Russell, 1989). 

However, ratios do not allow statistical modelling of compositional data. Ratios of compositional data 

are asymmetrical, meaning that conclusions based on the relation between X/Y cannot be used to make 

statements about the relationship of Y/X (Weltje et al., 2015). Analysing ratios depends on arbitrary 

choices of numerator and denominator (ibid.). Furthermore, as Carranza (2016) pointed out, without the 
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assumption that one element is conserved in the system the use of ratios becomes problematic. 

Additionally, straight ratios are not a formal solution to the closure problem. 

A possible solution to the closure problem was presented by Aitchison (1986). He viewed compositional 

data as vectors in a sample space he called the “simplex”, which has a different geometry than the regular 

Euclidean space in which classical statistical techniques operate. One of his main argument was that 

“the study of compositions is essentially concerned with the relative magnitudes of the ingredients rather 

than their absolute values” (Aitchison, 1986, p. 65; Rollinson, 1992, p. 470) — highlighting the 

importance to investigate ratios rather than total element values. As described above, this view was not 

new. However, he proposed that a simple log-transformation of ratios would “open” the datasets, 

meaning expanding it into the real number space. He claimed that logarithms are statistically easier to 

handle than ratios (Aitchison et al., 2002, p. 296). The key idea behind the transformations is that once 

the data is transformed, classical statistical techniques can be applied. 

As proposed by Aitchison and co-authors, the analysis of compositional data has to follow three 

certain principles(e.g., (Pawlowsky-Glahn & Egozcue, 2001; Aitchison & Egozcue, 2005). The two 

most important ones are scaling invariance and subcompositional coherence (see (Pawlowsky-Glahn et 

al., 2007, p. 7). Scaling invariance means that results should be independent of how many samples are 

taken and results can be scaled up or down, left untouched or summed up to a constant (Tolosana-

Delgado, 2012, p. 63). This reflects the assumption that only ratios are a meaningful measure of 

composition. If the composition is described by vectors, scaling the vectors would not alter the 

relationship between the vectors. 

 The other principle, subcompositional coherence, describes how a subsample should show the same 

relationships as the total sample. For example, one researcher investigates W, X, Y and Z and another 

one only X, Y and Z. The subcompositional coherence principle dictates that both should reach the same 

conclusion investigating the relationship between X/Y, Y/Z, etc. The relationship, or ratio, between two 

components of a subsample should be the same as the ratio of the same components in the total sample. 

Any statistical technique should be applied to the log-ratio transformed compositions. The results 

can then be back-transformed to allow the interpretation in the scale of the original (Tolosana-Delgado, 

2012). There are three popular transformations for the analysis of compositional data: 

 

a) additive log-ratio transformation (alr, see [1]): The alr-transformation (Aitchison, 1986) is the 

most primitive and uses one component (xD) of a D-part composition is taken as a denominator 

for all the other components. However, it has some drawbacks. First, the choice of the 

denominator is arbitrary. Often, a “stable” oxide such as Al2O3 or TiO2 is used as a denominator. 

This approach may be justified from a geological perspective, but not mathematically. It also 

means that one component is sacrificed from the dataset and cannot be investigated. Second, 

the obtained results differ based on the denominator that is chosen (Reimann et al., 2012). 
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b) centred log-ratio transformation (clr, see [2]): To perform a clr-transformation (Aitchison, 

1986), each component is divided by the geometric mean of all the components measured and 

then log-transformed. It is often used for techniques like principle component analysis, as it 

yields a multivariate result. One of its disadvantages is that the set of clr coefficients sum up to 

zero, thus spurious correlation can still exist (Tolosana-Delgado, 2012). If bivariate analysis of 

clr-transformed data is applied, a scatterplot of a pair of clr-transformed components could be 

interpreted in a misleading way (Reimann et al., 2012). The most severe problem is that the clr-

transformation is subcompositional incoherent, as subcompositions have a different value for 

g(x) than the total composition. This contradicts one of the principles mentioned earlier. 

[2] 𝑐𝑐𝑎𝑎𝑎𝑎(𝒙𝒙) = �ln 𝑥𝑥 1
𝑔𝑔(𝑥𝑥)

, … , ln 𝑥𝑥𝐷𝐷
𝑔𝑔(𝑥𝑥)

� ,  where 𝑔𝑔(𝒙𝒙) = �∏ 𝑥𝑥𝑖𝑖𝐷𝐷
𝑖𝑖=1 �

1
𝐷𝐷 

 

c) isometric log-ratio transformation (ilr): The ilr-transformation (Egozcue et al., 2003) is the 

most recent step in the development of logratio transformations. It yields total unbound scores, 

freed of any spurious correlation. However, some of the ilr-coefficients involve complex ratios 

of elements difficult to interpret (Egozcue et al., 2003; Tolosana-Delgado, 2012, p. 67) and the 

direct relation to the components is lost (Reimann et al., 2012). 

3.1.3.  Univariate and bivariate Analysis 

Compositional data can be analysed using univariate and bivariate statistical analyses. However, even 

univariate data analyses are affected by the special nature of compositional data (Filzmoser et al., 2009). 

Furthermore, as Filzmoser et. al. (2009, p. 6107) point out, it is not clear which ratios should be used 

for a univariate analysis and how the remaining parts of a composition should be considered. As 

described above, classical standard deviation or variance should not be calculated for the original 

composition (Filzmoser et al., 2010). Instead, a unit less number, resulting from ilr-transformed data, 

can be used to describe the stability of the data (Filzmoser et al., 2009).  

Filzmoser et al. (2009) state that in the case of univariate analysis, a transformation can bring the 

data closer to a normal distribution. However, it may be questionable if this is a meaningful approach 

considering the possible influence of all other remaining components. Consequently, they state that “it 

may be a better approach to use multivariate data analysis directly, to understand the relationships 

between the variables in multivariate space, based on the correct geometry, e.g., ilr-transformed data” 

(Filzmoser et al., 2009, p. 6107). 

For univariate analysis, boxplots, as described by Tukey (1977), can be used for comparing 

compositional data. These are based on the sorting of data, like medians, etc., and their position does 
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not change if a logratio transformation is used (Filzmoser et al., 2009, p. 6103). “However, as their 

definition relies on the concept of symmetry (Euclidean geometry), the correct indication of potential 

outliers is only possible following and ilr (or alr) transformation.”(Filzmoser et al., 2009, p. 6104). It 

is worth mentioning that quantiles and percentiles can be calculated directly from the original 

compositional data, as these are based on order statistics, that do not change under logratio 

transformations (Filzmoser et al., 2009, p. 6106). In any case, systematic univariate analysis is 

fundamental prior to applying any further statistical analyses (Reimann & Filzmoser, 2000). 

According to some authors, bivariate analysis of compositional data should only be used for 

exploratory data analysis (Reimann et al., 2012). One of the requirements for measuring correlation is 

that the variables are independent of the influence of other variables. This requirement is never met 

when dealing with geochemical data (Reimann et al., 2012, p. 204). Bivariate analysis can be used as a 

tool in order to detect data groups or unusual behaviour in the data, but not for drawing any confirmation 

based on correlations(Filzmoser et al., 2010). The possibility that there are other variables in the dataset 

that could influence the visible variables or groups should be kept in mind under all circumstances. Such 

hidden variables could control observed patterns and correlations. Correlations in a scatterplot do not 

reflect the correlation as for traditional, non-compositional data. Therefore, these should not be used for 

linear or curve-linear regression analysis (Filzmoser et al., 2010, p. 4237) and no regression line is added 

to indicate any strength of correlation. Bivariate analyses, even when combined, cannot replace a 

multivariate analysis (ibid.). 

 

3.1.4.  Multivariate Analysis 

Multivariate analysis is the analysis of the complete dataset and the relationship between the variables. 

Therefore, multivariate analysis represents the only meaningful way to interpret a compositional dataset. 

It can replace classical bivariate correlation analysis (Filzmoser et al., 2010), which should not be 

applied as mentioned above. However, multivariate analysis techniques like principal component 

analysis are severely affected by the closed sum effect (Chayes & Trochimczyk, 1978). Furthermore, 

many data sets contain outliers, missing values or values between the detection limit. The more 

components are measured, the higher is the possibility that the analysis is affected by one of these 

problems, as it can include erroneous input in the results. Variables with poor data quality should be 

detected and removed prior to log-transformation (Reimann et al., 2012). As Filzmoser et. al., (2009) 

conclude, additional information is not always an advantage and it is recommended to rather remove 

variables than including severe data problems. 

For multivariate analysis Filzmoser et. al., (2009) recommend using the isometric log-ratio 

transformation, since “a simple log-transformation, variable by variable or any other transformation of 

the single variables is no longer sufficient”. However, as the interpretation of ilr-variables is difficult 
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(Pawlowsky-Glahn & Egozcue, 2006), the results have to be back-transformed, e.g., to the clr-space 

(Filzmoser et al., 2010).  

3.2.  Correlations 
It was Pearson (1897) who highlighted the fallacy of spurious correlations as one of the first authors:  if 

A, B, C are not correlated, then A/C and B/C will show at least some degree of correlation, just because 

they share a common denominator. This causes an interpretation problem of the correlation coefficient 

(Kim, 1999). Depending on  the other variables involved, correlation coefficients change, which makes 

any correlation spurious (Chayes, 1960). This is relevant for most statistical methods, especially those 

that rely on a covariance or correlation matrix (Butler, 1976; Chayes & Trochimczyk, 1978; Rollinson, 

1992). As mentioned above, even simple statistics like means, variances and standard deviations are 

affected by spurious correlation (Butler, 1979; Tolosana-Delgado, 2012, p. 64). Furthermore, classical 

correlation coefficients such as the Pearson correlation coefficient do not satisfy the above mentioned 

principles of subcompositional coherence and scaling invariance (Tolosana-Delgado, 2012). 

Regression analysis, when applied to a closed dataset, can be misleading (Hron et al., 2012). As 

mentioned above, the shape of a point cloud in a scatterplot does not reflect correlation (Filzmoser et 

al., 2010). A common example of spurious correlation in a closed data set is the correlation of SiO2 and 

Al2O3 in a soil sample, where SiO2 usually is the main component. A plot of both components against 

each other will show a strong negative correlation. As the content of SiO2 increases, the other 

components decrease, because they are bound to the total constant sum (see Reimann et al., 2011, p. 

176). This correlation therefore only exists due to the special nature of the closed dataset. If a log 

transformation, like additive log transformation, is chosen, the same data set will show a positive 

correlation, the opposite of the original dataset. For plots of the example and a further description, see 

Reimann et. al., (2011b, pp. 176–177).For another example of spurious self-correlation, see Kenney 

(1982) or Reimann et al., (2012, p. 206, Table 2 & Fig. 7). 

3.3.  Other proposed techniques and critique of the log-ratio method 
The argument about if and how to use transformations for compositional data sets remains a topic for 

discussion. The debate has however certainly cooled off, considering the low number of critical papers 

published in the last decade. A good review about the debate is given by Scealy and Welsh  (2014). 

Since John Aitchison proposed log-ratio transformation as a tool to address the problem of analysing 

compositional data in the 1980s, the followers of his approach established log-ratio analysis as the 

dominant method, although other approaches were also presented. One of these was proposed by 

Woronow (1990) and Woronow & Love (1990). It was a measure of concentration shifts with so called 

𝑓𝑓-values, which indicates systematic concentration shifts caused by concentrations changes of other 

components. Another approach by Watson and Philip (1989) described compositional data as radial 

vectors and used direction cosines to measure components. Stanley (1990) used projections in a 
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spherical coordinate system to address the special nature of compositional data. To better reflect the 

geochemical processes, he also mentioned the need to consider stoichiometry into the analysis. Last but 

not least, a substantial amount of studies do not apply any transformation at all and work with the raw 

data (Baxter et al., 2005; Baxter & Freestone, 2006). An informal comparison between raw data analysis 

and log-ratio analysis was done by Tsagris et al. (2011).  

All of these approaches are dismissed by the Aitchison-school. Their arguments are mainly based on 

their self-proclaimed, essential principles that compositional data analysis has to fulfil. However, these 

principles, like subcompositional coherence, are not even followed by some of the log-ratio 

transformations. As mentioned above, the centred log-ratio transformation does not fulfil this 

requirement. As Scealy and Welsh (2014) point out, it seems as these principles were just developed to 

defend log-ratio methods and dismiss other approaches. The principles were developed mostly during 

the exchange between Aitchison and Watson (e.g., Aitchison, 1990), published in Mathematical 

Geology between 1989 and 1992 (Scealy & Welsh, 2014). Further critique was also made by Woronow 

(1997). Rehder and Zier (2001) also criticised Aitchison’s approach, but were dismissed (Aitchison et 

al., 2001).  

Another weakness of the log-ratio methods is how missing values should be addressed. If values are 

missing, log-ratio methods do not work. This question is still unclear and topic of research (e.g., Van 

den Boogaart et al., 2006; Hron et al., 2010). 

 The discussion about compositional data analysis is often fairly mathematical and of little use for 

the layman, which is probably why many researchers still do not address this topic adequately (Aitchison 

& Egozcue, 2005). 

Simple transformations may not be sufficient to address the closure problem. As Reimann and 

Filzmoser (2000) point out, a transformation neither log, ln, logit, square, root nor range will result in a 

normal distribution. Their study showed that a ln-transformation of the data resulted in a slight 

improvement, but far from a truly multivariate normal distribution. This seems contradictory to the 

proposed solutions by Aitchison (1986) and demonstrates the complexity of the topic.  

It was mentioned earlier in this chapter, that bivariate analysis of compositional data should only 

be used in a limited way. Although bivariate analysis should not be used as a tool for regression analysis, 

they are still useful. If the effect of the closed data set is considered, scatterplots can be used. Filzmoser 

et al. (2010) state that bivariate plots of different ratios as they are used in petrology make sense. The 

authors do not further elaborate on this statement.  

As Tolosana-Delgado (2012, p. 61) writes, if statistical methods show limitations just from a 

mathematical point of view,  it cannot be expected that they perform better when applied to real world 

scenarios. 
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3.4.  Remarks on compositional data analysis and its challenges 
It is difficult to judge which of the above-mentioned approaches are more useful for the datasets in this 

study.  As a first step, following a naïve approach by performing a simple alr-transformation can be 

justified as this approach has been used before in the context of  XRF-analyses (e.g., Weltje & Tjallingii, 

2008). The use of ratios makes sense, so does focussing on relative changes. To study the provenance 

of sediments it is of interest how and when the composition of the sediment changes. Absolute values 

are of no interest. The use of ratios also has the advantage of potentially minimizing matrix effects and 

other systematic errors.  

For instance, the cover film for the samples in this study attenuates the signal strength of Si and Al. 

The measurement of these elements thus results in concentrations lower than the actual. Because of the 

constant sum effect, all other concentrations are therefore affected. As one portion increases, the others 

must decrease (Kucera & Malmgren, 1998, p. 117). Theoretically, all elements should be affected in the 

same way. The ratio between them should therefore behave accordingly, independent of which sample 

group, with or without plastic cover film, is investigated. In this case, investigating ratios has a clear 

advantage over correlating raw values. 

 

  



19 
 

4. Background: XRF-spectroscopy and influencing factors 

4.1.  Energy dispersive X–Ray Fluorescence Spectroscopy 
Energy dispersive X–Ray Fluorescence spectroscopy (EDXRF) is a quantitative and qualitative multi-

element analytical method. It can be used to analyse the composition of solid, powder or liquid samples 

(Buhrke et al., 1997). XRF-spectroscopy is based on the phenomenon that elements emit characteristic 

radiation if stimulated with an accelerated electron- , ion-, or photon source (Hahn-Weinheimer et al., 

1984a, p. 3).  

 The high energy radiation excites an atom’s electron of an inner, K-, L- or M-shell and an X-ray 

photoelectron is emitted (e.g., (Kleinstück et al., 1989). This creates a cation void, which leaves the 

atom highly unstable. To compensate this, another electron from a higher shell fills the vacancy. In this 

process, X-ray radiation is generated, which has a characteristic energy corresponding to the energy gap 

between the electronic levels (Nakayama & Nakamura, 2014, p. 183). This process is called 

photoelectric effect and is the  major cause for emission of fluorescence (Potts, 1987b, p. 239).  

As elements of different atomic number (Z) react differently depending on the incoming radiation, a 

filter is often used to alter the incident X-ray beam. A filter is a thin metal foil that modifies the tube 

spectrum that is used to excite the sample (Potts, 2008, p. 5). In this way, elements of different Z can be 

measured. Filters are of major importance for EDXRF analysis due to the substantial improvement that 

can be gained in the detection of heavier trace elements (Potts, 1987a, p. 304). In this study, the used 

EDXRF-spectrometers operated automatically in different phases to measure the sample with and 

without filters.  

4.2.  Factors influencing X-ray spectroscopy 
This subchapter briefly describes some of the factors that can influence XRF-analyses. Not all factors 

are mentioned, as the focus lies on the ones that directly influence the parameters investigated in this 

study.  

4.2.1.  Absorption and scattering 

Both at the time of entry into and exit from the sample, the X-ray can be absorbed or scattered. These 

effects can attenuate the emitted radiation (Wehner et al., 1989, p. 108). Furthermore, the X-ray has to 

penetrate covering atoms to reach those within a sample, if operated under ordinary atmospheric 

conditions. These covering atoms absorb a part of the incoming excitation energy. Likewise, they will 

absorb part of the X-ray once the primary radiation leaves the sample. 

 The X-ray energy is therefore dependent on the absorption, the distance between sample and 

radiation source/detector, the layer of atoms it has to pass through and the density of the sample. The 

absorption strength defines the penetration depth of the X-ray into the sample. Consequently, atoms 
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deep within the sample do either not receive any excitation energy or their emitted radiation gets 

absorbed by covering atoms. This explains the limited penetration depth of X-rays. 

If it hits an atom, the energy of the X-ray can be partially scattered and transferred to other electrons, 

or completely absorbed by them. The three phenomena that cause absorption or scatter are the following 

(see Potts, 1987, p. 239): 

i. Photoelectric absorption: caused by the photoelectric effect, as described above. Inner orbital 

electrons are ionized and knocked out of the shell, their vacancy filled up by atoms of a higher 

shell resulting in the emission of distinct fluorescent X-rays.   

ii. Rayleigh scatter: describes the effect of a photon hitting a strongly bound electron without the 

electron being knocked out of its orbit. However, due to the impact the electron begins 

oscillating corresponding to the impact energy. This results in re-radiation from the atom. This 

scattering without loss of energy is also called elastic or coherent scatter. Elements with a high 

atomic number have a larger tendency to promote Rayleigh scattering, as their electrons are 

more tightly bound due to the strong positive charge of their nucleus. 

iii. Compton scatter: also known as inelastic or incoherent scatter; happens if a photon hits an 

electron in an outer shell with less binding energy. Its energy is partly transferred to the electron, 

the other part is re-emitted. Following the principles of conservation of energy and momentum, 

the wavelength of the scattered photon is shifted towards longer wavelengths and its energy 

lowered, depending on the angle of incidence. 

Weaker fluorescence energies are more prone to scatter and absorption effects (Potts, 1987b; Tjallingii 

et al., 2007). X-ray scatter is also promoted by a rough sample surface due to increased air gap that can 

lead to erroneous results (Wehner et al., 1989, p. 119; Potts et al., 1997). Consequently, the roughness 

of the sample surface has to be corrected for in the calibration or during sample preparation (see 

subchapter 4.2.3). 

4.2.2.  Matrix effects: general 

The measured intensity of an element within a sample is, besides the concentration, also dependent on 

the surrounding matrix (Skoog & Leary, 1996). The matrix effects are based on the above described 

absorption and scattering. These influence fluorescence intensity and are affected by non-linear 

relationships like composition, sample thickness, packing density and particle size. 

 An example of a composition matrix effect is the interaction of different elements with each other 

(see Potts, 1987, p. 242). Iron and zinc for example affect each other’s X-ray signal. If a sample contains 

high amounts of iron, it will considerably absorb the characteristic X-rays of zinc. Therefore, the 

detected zinc concentration will be lower than its true value (Markowicz, 2008, p. 24).  

Contrary to absorption, fluorescence intensity can also be enhanced by element-matrix interactions. 

In this case, the characteristic radiation of an element also excites a coexisting matrix element with a 

lower atomic number (Sherman, 1955; Gunn, 1964, p. 70). This enhancement of the lighter element can 
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be much greater than the fluorescence generated by the primary radiation itself (Sherman, 1955; Gunn, 

1964). In the above given example, the measured iron signal is enhanced by the characteristic X-ray of 

zinc. 

 The sample depth is also an important factor to consider. The characteristic X-ray intensity of an 

element is dependent on the penetration depth of the primary x-beam (Hahn-Weinheimer et al., 1984b, 

p. 55; Wehner et al., 1989, p. 114), hence it is important to make sure that the samples are thick enough 

to ensure maximum absorption. This can be relevant for this study as the sample holder was not 

completely filled in some cases, due to the lack of sample material. 

 Matrix effects have to be considered when calibrating the samples, as the sample material should 

have the same matrix as the reference standard. In this study, it is assumed that the calibration used for 

the analyses considered the samples to be loose powder, packed in a sample cup with a certain volume 

and measured through a 4µm foil. The calibrations used in this study already addressed the matrix 

effects, like grain size and composition matrix effects. The above mentioned matrix effects are all 

automatically corrected for in the calibration of the spectrometers. However, it is unclear how the results 

differ based on the chosen calibration and how strong the influences of the parameters are. Therefore, 

an investigation of these factors was also part of the aim of this study. 

4.2.3.  Matrix effects: particle size  

Particle size distribution has a significant effect on the homogeneity of the sample surface and therefore 

on fluorescence intensity (Hahn-Weinheimer et al., 1984b, p. 55; Wehner et al., 1989, p. 114). Hahn-

Weinheimer et al. (1984b, p. 55) report that a rough or inhomogeneous surface in pressed pellets can 

cause errors of up to 20%rel. for elements with Z >22 (titanium). To make sure an optimal fluorescence 

signal is achieved, powder or particulate samples with heterogeneous particle size distribution should 

be homogenized. Usually this is done by grinding, smelting or dissolving the sample (Dümecke & 

Höppner, 1989). 

 In some cases however, grinding can also change detected values for certain elements. As described 

by Tjallingii et al. (2007), grinding can change the intensity of calcium. If coarse-grained carbonate 

bioclasts are homogenized within the sample, XRF-readings of total calcium become higher. 

Consequently, it is essential to remove any carbonates prior to measurements. 

The influence of particle size on XRF-readings is of special interest, as grain size separation and milling 

are very time consuming steps in sample preparation. Some studies (Quye-Sawyer et al., 2015; Bourke 

& Ross, 2016) indicate a less significant particle  size effect for portable XRF-devices than expected, if 

analyser- and matrix-specific corrections are applied or multiple measurements are averaged. This will 

be further investigated in this study. 
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4.2.4.  Matrix effects: sample moisture 

Water can be present in two different ways within a sample: bound in the mineral structure (e.g., clay 

minerals like kaolinite) or within the pore space. The total water  content should be considered as part 

of the sample matrix (Hennekam & de Lange, 2012). 

 Water strongly reduces the characteristic X-ray intensities for lighter elements, especially aluminium 

and silicon, as shown by Tjallingii et al., (2007). Light elements are more susceptible to absorption 

effects in the matrix due to their low fluorescence energies than high Z elements like potassium, iron or 

titanium (Tjallingii et al., 2007). Although moisture can be corrected for, Ge et al.  (2005) report that 

their calibration worked only for a water content of <20%. The typical field moisture for soil can be 

estimated between 5 and 50% (Ramsey, 2008, p. 45). Hence, drying of samples prior to measurement is 

recommended. 

4.2.5.  Measurement time 

An increase in measurement or counting time can be used to reduce the limit of detection. However, as 

described by Ramsey (2008, p. 51), an increase in measurement time by a factor x only improves the 

detection limit by a factor of √(x), (see also (Quye-Sawyer et al., 2015).  Furthermore, an increase in 

counting time limits the amount of measurements that can be done. Hence, a compromise has to be made 

with a total count time of typically around 200 seconds (Ramsey, 2008, p. 51). In this study, a total 

measurement time of 180 seconds was set, after assessing the influence of measurement time on XRF-

readings. 

4.2.6.  Cover thin-film 

Several studies (Solazzi, 1985; Kido et al., 2006; Tjallingii et al., 2007; Hall et al., 2014; Quye-Sawyer 

et al., 2015) showed an effect of Mylar®  and Prolene® thin films on the intensity of characteristic X-

rays. For instance, it was shown that a sediment sample surface covered with Mylar® (Chemplex® cat. 

no. 100) thin film of 2.5µm exhibited a decrease in fluorescence from lighter elements (Kido et al., 

2006). Similar to that, the paper by (Hall et al., 2014) concludes that the use of Prolene® is superior to 

Mylar®, as the latter shows more contamination and less transmittance, especially for magnesium, 

aluminium and silicon. 

Part of this study was therefore also to determine the absorption effect of this cover film, as it is 

unclear how the calibrations used in this study address the absorption effect of cover film. 
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5.  Experimental Design 

5.1.  Spectrometers: Overview 
Portable energy dispersive X-ray fluorescence spectrometers were used in this study. Both Bruker™ 

Tracer 5i and Titan S1 600 are energy dispersive fluorescence spectrometers. The Tracer 5i is equipped 

with a multichannel pulse-height analyser solid-state detector. It uses a rhodium target thin window X-

ray tube and operates at low energies of maximum 4W and a maximum voltage of 50kV. The Tracer 5i 

uses a 40mm2 silicon drift detector with an energy resolution under 140keV at 250,000cps Mn Kα and 

an automated three phase filter. The first phase operates at 30kV and measures mostly 4th period 

elements as well as Hf, Ta, W, Au and Tl. The second phase operates at 50kV and aims at high Z 

elements of the 5th and 6th period as well as Ce, Th and U. The third phase operates at 15kV and measures 

light elements from Mg to Ca. Sodium is not detected.  

Similarly, the Titan S1 600 also uses a 4W rhodium target X-ray tube with a maximum voltage of 

50kV and a silicon drift detector. However, it only operates with two phases. The first phase aims at 

measuring high Z elements at 45kV, whereas the second phase measures low Z elements at 15kv without 

filter (Wallis et al., 2016). 

The secondary data which were used to investigate differences between portable and bench top XRF-

spectrometer was obtained using Ametek SpectroXepos, housed at RWTH Aachen, Germany. This data 

was provided by Igor Obreht, RWTH Aachen. 

5.2.  Spectrometers: Setup 
If not indicated otherwise, the following settings were used for the analyses: the Tracer 5i was operated 

in Oxid3Phase mode with a spot size of 3mm; and the Titan S1 in DualMining mode with a 5mm spot 

size. The measurement time was set to 180 analytical seconds, 60sec per phase for the Tracer 5i and 

120 analytical seconds for the Titan S1, with 60sec per phase. The calibration used for the Tracer 5i was 

GeoExploration (P/N: 730.0187) and GeoChemGeneral for the Titan S1. Each sample was measured 5-

25 times. 

Measurement precision and accuracy was evaluated by measuring the Bruker™ C2-M2-Geosoil 

standard. The instrumental drift could only be partly assessed, due to the fact that the spectrometers had 

not been used sufficiently before. Only short-term variations have been investigated by repeatedly 

measuring the Bruker™ C2-M2-Geosoil sample on different days during the study. No short-term drift 

could be detected for the Tracer 5i. No instrumental drift assessment was made for the Titan S1. 
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5.3.  Sample preparation 
The sample preparation went through different steps to account for the aims of this study. One aliquot 

of untreated sediment was measured from each sample. A second aliquot was sieved with demineralized 

water through a 125µm and a 63µm mesh sieve to retain the corresponding grain sizes.  

Between most preparation steps, moisture was removed by drying the samples in a convection oven at 

105°C over 48-72h. 

To remove carbonates, the samples were treated with hydrochloric acid. The sample material was 

filled into a beaker and covered with approximately 20ml 12%HCl. After 24h, further acid was added 

to assure a complete reaction. If no reaction was observed, the sample was rinsed to remove the acid and 

dissolved substances. For this step, the beaker was filled up with deionised water. After 24-48h, the 

water was carefully decanted and the beaker filled up again with deionised water. This procedure was 

repeated two times. 

Organic material was removed by using. 20ml 33% hydrogen peroxide, following the above 

described procedure. However, some sample suspensions showed strong degassing even after 72h, 

inhibiting a complete settling of fine particles in suspension. Even though the decanting was carried out 

with additional care, it can be assumed that a part of the finest particle fraction was lost in this process. 

In this case it needs mentioning that the beakers could have been warmed up to speed up the reaction 

process of the H2O2 and ensure a complete degassing. This was not done in this study. 

To remove any possible grain size effect, each sample aliquot was milled using a Retsch® RM200 

automated agate mortar grinder. Each sample was milled for 10min, with a final grain size fineness of 

<10µm. 

All sample aliquots were measured using Bruker™ sample cups covered with 4µm thin Chemplex® 

Prolene® (catalogue no. 416) film. Pressed pellets were measured without any film cover.  

5.4.  Data analysis 
Only median values were used to obtain elemental ratios. The spread of data was calculated using the 

median absolute deviation, as it is a more robust measure of spread (Reimann et al., 2008, p. 57). To 

better display relative variations between samples, median values were normalized against the median 

values of the corresponding bulk. To account for influences of closure, transformation were applied 

when necessary. These include mostly additive log-ratio transformation as well as centred log-ratio 

transformation (see Chapter 3.1). For additive log-ratio transformation, a denominator was chosen that 

showed least variation between sample preparation steps, such as potassium, iron or titanium. 

 For some samples, weighted mean and weighted standard deviation was calculated to reflect 

precision influence of the measurement device. 
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6. Results 

6.1.  Sample preparation effects 
All measurements represent results obtained using the calibrations described in Chapter 4. 

6.1.1.  Grain size influence 

Compared to milled samples, raw loess samples show lower XRF-readings for the light elements 

magnesium and aluminium, as well as potassium and calcium (Fig. 3). However, silicon and titanium 

are less affected and show less variation between milled and raw bulk. Overall, heavier elements than 

manganese seem to be little affected by sample milling, as the difference between raw and milled 

samples decreases with increasing atomic number (Z).  

 
Fig. 3: Median values of raw/mill sample ratios. Error bars display median absolute deviation. Grey shading 
indicates 5%-, dashed line 25%-intervals (n=80). 

To further investigate the differences in composition of samples with a 125-63µm and a >63µm grain 

size spectrum, all XRF-readings were normalized against their bulk composition. In this case, all 

samples were milled and carbonates and organics were removed. The coarse grain fraction does not 

show a substantial difference to the bulk composition for e.g., magnesium, aluminium, silicon and nickel 

(Fig. 4). However, the concentrations of potassium and lead were substantially higher in the 125-63µm 

fraction than in the bulk sample. The lead concentration was twice as high in the coarse grain fraction 

compared to the bulk. Conversely, the 125-63µm fraction shows strong depletion in e.g., calcium, 
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titanium, manganese, zirconium, mercury and thorium. For instance, the concentrations of manganese, 

zirconium and thorium were over 75% lower in the 125-63µm fraction compared to the bulk. 

 The <63µm fraction shows no considerable difference for e.g., silicon, rubidium, strontium and 

barium. The light elements magnesium, aluminium and potassium are enriched in the <63µm fraction, 

showing a different trend than the milled samples in which carbonates or organics still remain (see Fig. 

4 and next subchapter). Similar enrichment can be observed for iron, nickel, copper, gallium and lead. 

Conversely, e.g., phosphorus, calcium, zirconium and thorium are substantially depleted in the <63µm 

fraction compared to bulk.  

 
Fig. 4: Weighted average values of 125-63μm and <63μm grain size fractions normalized to their bulk values. All 
samples were milled and removed of carbonates and organics. Error bars display weighted standard deviation of 
the ratio. Grey shading indicates 5%-, dashed line 25%-intervals (n=10). 

6.1.2.  Carbonate influence 

After removing carbonates, the XRF-readings show a decrease in calcium and associated element 

concentrations, such as magnesium, strontium and phosphorous. However, there is also an increase in 

some elemental concentrations after removing carbonates compared to the untreated, milled samples, 

for example  silicon, titanium, rubidium, zirconium, mercury and thorium values compared to the 

untreated, milled sample (see Appendix I. a). In contrast, for instance iron, copper, zinc and lead showed 

a decrease in concentration after acid treatment. 

 Log-transforming the values to a common denominator confirms the above described observations, 

however the overall trend is very similar and deviations very small, besides the ones for  e.g., 

magnesium, calcium iron and lead (see Fig 5, Appendix I. b). 
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Fig. 5: XRF-readings for the same sample pre and post acid treatment. Median values for each element were log-
transformed with SiO2 chosen as common denominator. 

6.1.3.  General sample preparation influence and trends 

Sample preparation has an influence on XRF-readings, as described above. However, comparing the 

overall trend of element concentration for each sample preparation step, sample SB080109 showed no 

major difference after performing additive log-ratio transformation, with K2O and SiO2 chosen as the 

common denominator. Although the overall trend for all samples is very similar (Fig. 6), the coarse 125-

63µm fraction shows the greatest difference compared with the other aliquots. Acid treatment showed a 

strong effect on certain elements, while silicon and heavier elements (Z>Fe) seem to be less affected by 

it. The raw and untreated milled samples as well as the untreated <63µm fraction show the least 

variation. Phosphorous, nickel, tellurium, lead and thorium showed the most inconsistency through all 

sample preparation steps. 
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Fig. 6: clr-transformed element concentrations for sample SB080109. Error bars represent median absolute 
deviation (n=20). 
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6.1.4.  Cover film influence 

Measurements comparing samples with Prolene® cover film with samples without cover film showed 

that XRF-readings measure up to 20% lower values for magnesium, aluminium, silicon, vanadium as 

well as tantalum and mercury (Appendix II a). On the contrary, tin values were approximately 45% 

higher for samples measured through Prolene® film. Likewise, arsenic and selenium readings were 

increased by up to 15% (Fig. 7). The remaining elements were not significantly affected. 

 After additive log-ratio transformation, relative differences disappear almost entirely (see Fig. 8). 

 

 
Fig. 7: Influence of cover film on XRF-readings. Weighted average values of measurement with film divided by 
measurement of the same sample without cover film. Error bars display weighted standard deviation of the ratio. 
Grey shading indicating 5%-, dashed line 25%-intervals (n=20). 

6.1.5.  Measurement time 

Overall, the total measurement time had little influence on the results obtained (see Appendix III. a). 

Compared to a setting of 60 analytical seconds for each phase, phosphorous, vanadium, cobalt and 

selenium showed the most variation in element concentration. 

 Compared to a 180 analytical seconds setting, shorter settings tend to overestimate concentrations, 

whereas longer measurement time tends to underestimate concentrations. However, this trend is only 

observed for certain elements, for instance phosphorous, vanadium, nickel and selenium (Fig. 9). The 

majority of elements show ≤5% variation in element concentration relative to a 60 second per phase 

setting. 
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A detailed assessment of the influence of measurement time on precision and accuracy showed that 

errors can be halved with a long measurement time, but overall precision does not improve for a total 

measurement time longer than 150 analytical seconds (see Appendix IV). 

 

 
Fig. 8: alr-transformed median values showing the difference between values with and without cover film; iron 
was chosen as common denominator (n=20). 

6.1.6.  Spectrometer differences 

Compared to the Titan S1, the XRF-readings of the Tracer 

5i show variation in element concentration, for example 

magnesium, calcium, manganese, rubidium, strontium and 

barium (Fig. 9, Appendix V).  

Other elements, like silicon, titanium, iron and 

zirconium showed very little variation. All values were 

obtained using different calibrations for both devices, yet 

even after performing an alr-transformation, values for 

e.g., calcium and aluminium still showed strong 

differences (Fig. 9).  

Overall, it could also be shown that general precision 

was much better for the Tracer 5i than for the Titan S1 for 

elements like e.g., magnesium, rubidium and strontium (see Fig. 9). Comparing commonly used ratios, 

such as Rb/Sr, shows only slight variation in trends between the two devices, although absolute ratio 

values are quite different (see Fig. 10). 

Fig. 9: Comparison between the Rb/Sr ratios calculated 
with XRF-readings of the Tracer 5i and Titan S1. Error 
bars represent median absolute deviation 
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A qualitative comparison between the portable ED-XRF-spectrometer and a bench top spectrometer was 

done by comparing the Tracer 5i readings with secondary data obtained with the bench top ED-XRF 

spectrometer Ametek® SpectroXepos, housed at the RWTH Aachen, Germany. The Tracer 5i shows 

higher values for e.g., phosphorous and copper (see Fig. 11).  Magnesium, aluminium, iron and 

zirconium values show little variation between portable and bench top XRF. Generally, the Tracer 5i 

values are lower than the ones obtained with the bench top XRF. 

 Some ratios show good overlap after performing an alr-transformation of all samples with TiO2 as a 

common denominator, whereas others behave very differently. Overall, the bench top data displays a 

much smoother trend than the data from the portable XRF (see Fig. 12). 

 The Ca/TiO2 ratio trends show excellent overlap for both devices (Fig. 13).The MgO/TiO2 (Fig. 12) 

and MnO/TiO2 ratio trends also show good overlap (Fig. 13). However, other ratios do not behave 

similarly and some even display opposite trends, e.g., the Al2O3/TiO2 ratio (Fig. 12).

 
Fig. 10:  alr-transformed values of sample SB080109 measured both with the Bruker Tracer 5i and Titan S1-600. 
Thr GeoExploration calibration was used for the Tracer 5i and the GeoChem calibration for the Titan S1. A 60-
60-60 setting per phase was used for the Tracer 5i, and a 60-60 setting for the Titan S1. Dashed lines indicate 
median values. n=20 
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Fig. 11: Average ratio for each element and its standard deviation. Every point represents the average of the ratio 
between XRF- and bench top spectrometer readings out of 70 individual pairs. Error bars represent standard 
deviation of all 70 ratio pairs. Grey shading indicates 5%-, dashed line 25%-interval. 

 

Fig. 12: alr-transformed data for each sample pair, with TiO2 as a common denominator. Filled dots represent 
Tracer 5i ratios, open circles represent bench top XRF ratios. 
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Fig. 13: alr-transformed data for each sample pair, with TiO2 as a common denominator. Filled dots represent 
Tracer 5i ratios, open circles represent bench top XRF ratios. 

 

 

 

 

 

 

6.1.7.  Sample moisture influence 

Wet samples show overall lower XRF-readings than their dry counterparts. Some samples show higher 

zirconium, niobium and mercury values for wet samples (see Fig. 13). Light elements were most 

influenced by sample moisture (see Fig. 14&15), especially SiO2, Al2O3 and MgO. Generally, the 

measurements of wet samples show a larger spread of the data (see Fig. 14&15), as can be seen by 

comparing the median absolute deviation of dry and wet samples. 

 Most of the deviations between samples are smoothed out after log-transforming them (Fig. 16&17). 

However, deviations for some elements, e.g., magnesium and strontium still exist, even after log-

transformation, indicating that the observed deviations are not caused by the closure effect. 
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Fig. 14: Median values of wet and dry samples. Error bars represent median absolute deviation. Water content of 
SB080102: 38%, SB080106: 35%, SB080109:23%, SB080115: 37%. 

 
Fig. 15: Median values of wet and dry samples. Error bars represent median absolute deviation. Water content of 
SB080102: 38%, SB080106: 35%, SB080109:23%, SB080115: 37%. 
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Fig. 16: alr-transformed median values of wet and dry samples. Water content of  SB080102:38%, SB080106: 
35% 

 
Fig. 17: alr-transformed median values of wet and dry samples. Water content of SB080109:23%, SB080115: 
37%. 

  



36 
 

6.2. Two loess sections from Eastern Europe 
Due to the lack of final absolute age model for both sections, no direct comparison can be made between 

the two sections on an equivalent timescale. Furthermore, the time span covered in both profiles is 

different, which prohibits any correlation. Therefore, only a qualitative description of the observed 

trends is made. 

 For both sections, only the <63µm grain size fraction was analysed, to reduce the influence of grain 

size distribution on elemental composition. The Irig (Serbia) loess section shows a strong peak in for 

example Fe/Mn, Mg/Zr and Rb/Sr ratios within the top S1 layer (last interglacial) (see Fig. 18). There 

is a distinct peak in the K+Mg+Ca/Al2O3 ratio within the middle loess layer (L2, penultimate glacial), 

correlating with a sharp increase of the Si/Ti ratio. 

 The Madaras (Hungary) loess section is generally characterised by a divided L1 (last glacial) loess 

layer (see dashed line, Fig. 19), which shows a clear trend in all ratios except the K+Mg+Ca/Al2O3 ratio. 

Similarly, all ratios show a change towards the sand layer at the bottom of L1SS2 (Fig. 19). 

 

 
Fig. 18: Depth profile of the Irig loess section (Serbia). Top: Log-transformed ratios for various elements. Bottom: 
Median element concentrations without any transformation applied. Error bars represent median absolute 
deviation. Brown layers (from top to bottom): S0 (Holocene soil), S1 (last interglacial soil), S2 (penultimate 
interglacial soil) layers. Yellow: loess layers. Black: chernozem layers. 
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Fig. 19: Depth profile of the Madaras loess section (Hungary). Top: Log-transformed ratios for various elements. 
Bottom: Median element concentrations without any transformation applied. Error bars represent median absolute 
deviation. Brown top layer: S0 (Holocene soil). Brown bottom layer: L1SS1 (last glacial interstadial soil). Yellow: 
loess layers. The dotted yellow & black layer at the bottom represents sand. 
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7. Discussion 

7.1.  Sample preparation  
The most important point to consider before any interpretation of the results is to keep in mind that XRF-

analyses are only as qualitative as the standard it is calibrated to. The results presented in this study are 

made using the device calibration provided by the manufacturer (see Chapter 4.3 for details). Therefore, 

all results are linked to this calibration, which means that a different calibration could yield quite 

different results, as far as absolute values are considered. Additionally, it was not tested if certain 

parameters, like the content of carbonates or organics, could be corrected for using a certain calibration. 

The conclusions are therefore based solely on results obtained by the specific calibrations used in this 

study. 

7.1.1.  Grain size influence 

Raw samples tend to show lower values than their milled counterparts. This could be explained by 

sample surface roughness matrix effects, as described in previous chapters (see Chapter 4.2.3 f.). 

Heavier elements seem to be less influenced by milling, which can be explained by heavier elements 

emitting secondary radiation from deeper within the sample than light elements such as silicon or 

aluminium, which are just excited near the sample surface. Heavier elements may therefore be less 

affected by sample surface roughness. 

 The lower calcium values in the raw samples compared to the milled samples confirm the statement 

of Tjallingii et al. (2007). Some of the samples in this study contained high concentrations of bioclasts. 

Milling of these samples homogenizes the sample and increases the total calcium content compared to 

random shell fragments within the analysed sample. 

Comparing the 125-63µm and <63µm grain size fractions shows some noteworthy trends. Firstly, 

different grain size fractions show differences in the composition of most elements compared to the bulk 

composition, indicating the strong relationship between grain size and mineralogy. The distribution of 

certain heavy minerals, such as zirconium, is strongly dependent on the investigated grain size (see 

Pettijohn et al., 1972, p. 313). A different bulk geochemistry is therefore expected. This emphasizes the 

need to consider grain size effects when using bulk samples. Although some elements were expected to 

show opposite trends, it was not observed in this study.  

 For instance, potassium values are higher for both the 125-63µm and <63µm grain size fraction 

compared to bulk samples. This effect cannot be explained by method of sample preparation, as all 

samples were milled and carbonates and organics were removed prior to analysis. The most likely 

explanation is that the calibration assumptions were violated. Due to the lack of 125-63µm sample 

material, the sample cup could only be filled to ¾ of its volume. Therefore the saturation depth for the 

X-rays could not be reached, likely resulting in an underestimation of the concentration of heavier 
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elements. This hypothesis is supported by the fact that the light elements, which are just measured at the 

sample surface, magnesium, aluminium and silicon show insignificant variation of <5%.  

 However, all requirements for a proper analysis, according to the calibration, were met for the <63µm 

grain size fraction. As the sample amount used was quite low (n=10), it can be assumed that some 

variations only exist as a statistical artefact. More sample measurements would likely smooth out some 

of the observed variations. However, some elements show very strong variation. Therefore, any 

variation of >25% is considered significant.  

Following this arbitrary interval, magnesium, aluminium, potassium, iron, nickel, tin and lead are 

enriched in the <63µm grain size fraction. On the other hand, the lower values for zirconium and thorium 

cannot be explained from a mineralogical perspective. Especially zirconium, which is mostly 

concentrated in the coarse silt fraction, should not show any strong variation between the <63µm fraction 

and the bulk. If any, the <63µm grain size fraction should show higher values for zirconium. 

 For comparison with other data sets, it is worth pointing out that silicon, titanium, rubidium, 

strontium and barium show no major differences between the  <63µm grain size fraction and the bulk 

samples. 

  In general, deviations of elements like vanadium, nickel and tellurium can also be an effect of the 

very low concentrations and the relative nature of the measurement unit, ppm. A very small 

concentration is heavily influenced by the slightest concentration changes and displays the shown 

relative changes. For instance, a change in tellurium of 0.0004ppm would double the total amount 

present in most samples. Any deviations in the element concentrations close to the limit of detection can 

therefore be dismissed. 

7.1.2.  Carbonate influences 

The removal of carbonates is essential when using loess samples in particular, as these can contain a 

high amount of secondary carbonates as either leached carbonates from upper layers during weathering, 

or as in this study, a high amount of bioclasts like snail shells. Acid leaching was shown to remove 

elements such as magnesium, calcium, phosphorus and strontium. These elements can be associated 

with a biogenic origin and should be removed prior to analysis. Furthermore, magnesium and calcium 

are commonly used in weathering indicators such as the chemical index of alteration (CIA) (Nesbitt & 

Young, 1982), making a computation of weathering indices based on raw, untreated samples 

questionable. 

 The influence of acid leaching on strontium is of special interest for palaeoclimate studies, as the 

Rb/Sr ratio is considered to be an indicator of soil formation. As shown in Fig. 5, the overall trend of 

changing rubidium and strontium content prior to and after acid leaching indicate that acid treated 

samples need to be considered differently from raw samples or measurements in the field.  

The relatively low iron content could be explained by the relatively long exposure to hydrochloric 

acid, as Fe-ions are soluble at low pH-value (Schwertmann, 1991). Similarly, deviations in copper, 
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manganese and tin could also be explained by leaching of metal ions at a low pH. Most other differences 

in absolute element concentrations can be related to the closure effect of compositional data, as the 

overall trend does not change.  

7.1.3.  Cover film influence 

Absolute values of light elements such as magnesium, aluminium and silicon are significantly (<10%) 

lowered for samples measured through the Prolene® cover film. The reported impurities for Prolene® 

are Ca, P, Fe, Zn, Cu, Zr, Ti and Al. However, the measurements could only confirm a potential 

zirconium contamination. The higher values for arsenic, selenium and tin could also be explained by 

contamination. 

 However, due to the special nature of compositional data, the low contents of silicon and aluminium 

have to be considered when interpreting the absolute values. As the signals for the light elements are 

attenuated by the cover film and XRF-readings are lower, the rest of the values will be affected, i.e., 

increased. Aluminium and silicon are the dominant components. A log-transformation of the data 

therefore shows that the absolute variations for measurements with Prolene® cover film can be almost 

entirely neglected, despite the slight variation for magnesium and aluminium (Fig. 8). To conclude, the 

effect of Prolene® cover film is only important when absolute values are compared, i.e. light elements 

such as magnesium or aluminium. 

7.1.4.  Measurement time setup 

The influence of measurement time on the accuracy and precision of XRF-readings is less significant 

than expected. A setup of a total measurement time of 150 analytical seconds showed no clear 

disadvantage over longer time settings. 

 Doubling the measurement time of the last of the three phases substantially lowers the error for 

measurements of light elements. Furthermore, precision is improved for elements with Z<Ti. For 

instance, calcium shows very good precision for a 50-50-100 setting. However, precision for heavier 

elements like titanium does not improve (see Appendix III&IV) as the third phase of the Tracer 5i only 

measures light elements. 

Overall, the improvement of precision does not justify long measurement times of over 3min. It is 

probably better to acquire more measurements in a shorter time to obtain more statistically robust results. 

A measurement time between 120 and 180 total analytical seconds seems to be an optimal balance 

between speed of analysis and precision. 

7.1.5.  Spectrometer differences 

Spectrometer differences seem to be less significant than expected (Brand & Brand, 2014; Young et al., 

2016). The two portable devices do show different absolute values. These differences in XRF-readings 

can be entirely explained by the two different calibrations used, emphasizing the need to calibrate each 

device to known standards. Relative changes in element concentrations are however more important 
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than absolute changes for provenance studies of sediments, as absolute changes may occur without a 

change in sediment source mineralogy or as a result of the closed sum effect (see Chapter 3). Besides 

displaying poorer precision, the overall trends obtained with the Titan S1 are very similar to those of the 

Tracer 5i (Fig. 10). For instance, Rb /Sr, a common ratio to explore palaeosol formation, does not show 

noteworthy deviations between Tracer 5i  and Titan S1 (Fig. 9).  

 Some of the absolute values for elements like magnesium, aluminium, iron and zirconium showed 

no substantial change when comparing bench top XRF-spectrometer data with the measurements 

obtained with the Tracer 5i and its calibration. Assuming that the bench top XRF-readings are accurate, 

the out-of-the box calibration for the Tracer 5i showed good accuracy for these elements. Additive log-

transformed major element ratios including light elements (Z<Ca) deviate strongly between bench top 

XRF-readings and Tracer 5i readings. Other ratios, like Ca/Ti, however show perfect overlap. It can be 

assumed that the bench top data is more precise, as bench top XRF-spectrometers perform measurements 

in a vacuum, which is more suitable for detecting light elements. The observed variations could be 

explained by the Tracer 5i calibration overestimating sample concentrations for light elements. This 

hypothesis is supported by the fact that no ratio showed higher values for the bench top-XRF data (Fig. 

12,13). 

7.1.6.  Sample moisture influence 

The findings in this study confirm the strong influence of moisture on XRF-readings. Absolute values 

are generally lower for light elements. The higher measurement values of heavy elements in wet samples 

compared to dry samples (Fig.14,15) can be explained by the device overestimating heavy element 

concentration due to the attenuated light element signal. In this case, the observed effect could be 

accounted for by a proper calibration. However, a calibration for a sample of unknown moisture content 

does not make any sense unless the moisture content of the analyte is precisely known. 

Most of the relative variations between wet and dry samples disappear after log-transformation (Fig. 

16,17). Some variations do however still persist. Therefore, a decrease in precision has to be assumed 

when analysing wet samples. Log-transforming the data to an element on which changes in moisture 

content shows little effect, like iron or potassium, could nonetheless provide a way to interpret variations 

in composition. 
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7.2.  The Irig (Serbia) and Madaras (Hungary) loess sections 

7.2.1.  General remarks 

As element ratios have been widely used as indicators of changing paleoclimatic conditions in loess, 

three ratios out of many possible have been chosen to attempt an interpretation of possible changes in 

weathering, grain size or provenance in the Irig and Madaras sections to better understand the 

development of the study area. This highlights the importance and relevance of investigating whether 

XRF-analyses using bench top spectrometers can be replaced with easy and fast portable devices in the 

field, as a reliable application of element ratios and other geochemical proxies relies on accurately 

measuring the geochemical composition of the sediment samples.  

Although changes in some ratios, such as Ti/Al, are thought to represent changes in sediment 

provenance (Klinge et al., 2017), the influence of the effects of weathering and grain size sorting are not 

easily or absolutely corrected for. The possible absorption of mobilized elements into clay minerals 

within a sedimentary succession may also have an effect on ratio values. In this case, it cannot be 

determined if weathering occurred. Some elements, like titanium, are considered less prone to absorption 

than others, e.g., aluminium (Hennekam & de Lange, 2012). As the effects of grain size sorting on 

geochemical composition can be mistaken for source changes and vice versa, the Si/Al and Zr/Al ratios 

have been suggested as indicators of grain size changes and may allow for a distinction between the 

effects of these two mechanisms (Peng & Guo, 2001; Liang et al., 2012). Generally, all ratios require 

certain assumptions, which need to be considered before interpretation is done. The naïve use of simple 

elemental ratios as indicators for weathering or grain size distribution without the availability of other 

data is therefore not suitable for a robust interpretation of any kind. It can only be a first step towards a 

more thorough study. 

Weathering indices, such like the chemical index of alteration (CIA) (Nesbitt & Young, 1982) were 

not calculated in this study, mainly because of the missing sodium values. Furthermore, the validity of 

conclusions drawn from potentially highly weathered sediment is questionable. 

The Ca/Ti ratio was chosen because of its good correlation between portable and bench top XRF- 

spectroscopy results. Secondly, calcium is very susceptible to weathering, whereas titanium is 

considered weathering resistant (Hennekam and de Lange, 2012). A change in weathering conditions 

should therefore only affect the easily mobilized calcium, possibly making changes in the Ca/Ti ratio a 

potential weathering proxy, if disregarding the possibility of sediment influx changes. To better isolate 

the effects of changing weathering conditions, Ca/Ti ratio trends need to be compared with other ratio 

trends, such as Rb/Sr or Mg/Zr. The Rb/Sr ratio, besides Mg/Ca and others, is often used as an indicator 

of palaeosol development (Buggle et al., 2011; Klinge et al., 2017). 

It is not tested how elemental ratios and weathering indices such as chemical index of alteration 

(CIA) (Nesbitt & Young, 1982) or chemical proxy of alteration (CPA) (Cullers, 2000), would change 
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when calculated from log-transformed data. Although all of them are ratios and therefore represent 

relative changes, it is unclear how they are truly affected by the constant sum constraint. 

 

7.2.2.  The Irig loess section 

The small increasing trend in Ca/Ti ratio values from the S2-L2 boundary into S1 is caused by a relative 

increase in calcium content (see Fig. 18). This is consistent with decreased weathering rates during L2, 

as calcium is easily mobilized by weathering (Buggle et al., 2011). It does however not explain the 

continued increase in calcium content during the soil forming conditions of S1, which may instead 

indicate a shift toward a sediment source with higher calcium content. The decreasing trend in ratio 

values during L1 is caused by a decrease in calcium-content and a simultaneous increase in titanium-

content. This observation is not consistent with decreasing weathering rates of the last glacial. Therefore, 

it may be the result of a change to a sediment source with lower calcium and higher titanium content. 

 The relatively sharp increase in the Si/Ti ratio during S2 is caused by a relative increase in silicon 

content, although titanium content also increases. This may indicate the enrichment of relatively 

immobile elements, such as silicon and titanium, due to depletion of immobile elements by the increased 

weathering rates of S2. The drop in ratio values during L2, at about 7m, is caused by a relative increase 

in titanium content as silicon content remains stable. As effects related to grain size and weathering 

changes would also affect silicon content, this may indicate a shift toward a sediment source with higher 

titanium content, as described for the Ca/Ti ratio at the same depth. The similar decreasing trend of Si/Ti 

during L1 is, as for the Ca/Ti ratio, caused by a relative increase in titanium content. As silicon content 

remains relatively stable, this may indicate again indicate a shift toward a sediment source richer in 

titanium.  

 The relatively stable Ti/Al ratio values across the S2-L2 boundary could be caused by a proportional 

decrease in the content of both elements. This may be a result of decreasing weathering rates with the 

transition to glacial conditions, which would decrease the depletion of easily mobilized elements and as 

a consequence, decrease the relative content of immobile elements such as titanium and aluminium. 

The relatively sharp increase in the ratio at approximately 6m during L2 is caused by a decrease in 

aluminium content and a simultaneous increase in titanium content. This may be caused by a shift toward 

a coarser average grain size with windier conditions during glacials, as aluminium is enriched in finer 

grains and titanium is considered grain size independent. The sharp drop in ratio values during S1 is 

caused by a relative increase in aluminium content. As both elements increase in content this may be a 

result of enrichment of immobile elements due to depletion of easily mobilized elements under the 

increased weathering rates of the interglacial. A possible shift toward a finer average grain size in which 

aluminium is increasingly enriched may also be an explanation. The increase in ratio values at the S1-

L1 boundary is caused by a small decrease in aluminium and an increase in titanium content. This may 

be an effect of grain size sorting, as a shift toward glacial conditions may increase the average grain 
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size, which increases the relative titanium content. Another explanation may be a shift toward a sediment 

source with a higher titanium and lower aluminium content. 

7.2.3. The Madaras loess section 

The decreasing trend of the Ca/Ti ratio during L1SS1 is correlates with a relative decrease in Ca-content 

(Fig. 19), which could reflect higher rates of carbonate dissolution and increased chemical weathering 

conditions during the interstadial. There is a relatively big change at a depth of approximately 7m in the 

otherwise decreasing trend of the Ca/Ti ratios values during L1. This corresponds to a relative increase 

in calcium content, which could indicate either an episode of weakened weathering conditions or a shift 

toward a sediment source with higher calcium content.  

The relatively high variability of the Si/Ti ratio is mostly caused by the opposite trends of silicon and 

titanium content. As both elements are relatively immobile, changes are not likely related to changing 

weathering conditions. A change toward a coarser grain size would lead to higher silicon content as 

silicon, mainly quartz and its polymorphs, is enriched in the coarser grain sizes and could explain the 

changes in the lower part of L1 where silicon content decreases while titanium content remains relatively 

stable. Changes in grain size should not however have the effect of decreasing absolute titanium content 

as titanium is considered to be relatively stable in content across grain size fractions. Another 

explanation may be a simultaneous decrease or increase in silicon and titanium content of the sediment 

source.  

The Ti/Al ratio increases relatively sharply at about 9m, as a result of a relative increase in Ti-content 

and a relative decrease in aluminium content. As this occurs close to the upper boundary of the L1SS2 

interstadial soil, this is not consistent with the effects of either grain size sorting or weathering changes. 

Due to its enrichment in finer grain sizes, aluminium content may decrease as an effect of a change 

toward a coarser average grain size with the onset of windier, glacial conditions. Titanium content 

should however remain fairly stable, as its relatively grain-size independent. As both titanium and 

aluminium have similar immobile properties, weathering changes should cause both elements to either 

increase or decrease. 

The increase of the Ti/Al ratio could therefore reflect a change in source, toward a sediment source 

richer in titanium content. The sharp increase and subsequent drop in the Ti/Al ratio at about 4m across 

the L1SS1 interstadial, is also caused by a relative increase in titanium content and simultaneous 

decrease in relative aluminium content. As just explained, this is not consistent with increased 

weathering rates during the more humid conditions of the interstadial, which would cause both element 

contents to increase. Changes in grain size should have little impact on titanium content, and increase 

aluminium content with a shift toward a finer average grain size. Therefore, this change in ratio values 

could be the result of a shift in source, toward a sediment source with lower aluminium content during 

the L1SS1.  
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7.2.4. Palaeoclimatic interpretation and the role of sample analysis procedure  

Possible changes in weathering conditions, grain size sorting and provenance were detected at both the 

Irig and Madaras loess sections using the Ca/Ti, Si/Al and Ti/Al element ratios as paleoclimatic 

indicators.  

For the Irig loess section, changes in element ratio values may reflect decreased weathering rates 

during L2, compared to strong weathering during S2. Possible source changes were detected during S1, 

L1, L2, while possible changes in average grain size were detected during L2, S1 and the S1-L1 

boundary. At Madaras, changes in element ratio values may reflect increased weathering rates during 

L1SS1, and an episode of weakened weathering during L1. Possible source shifts were detected during 

L1, close to the L1SS2-L1LL1 boundary and during L1SS1, while possible grain size sorting effects 

were detected in the lower parts of L1 and close to the upper parts of L1SS2.  

 The above mentioned ratios, used as indicators for grain size changes or shifts in weathering rates, 

are influenced by sample preparation to various degrees. As it was shown, sample preparation affects 

most of all carbonates and light elements. Therefore, ratios involving e.g., aluminium, calcium or 

strontium need to be treated with additional care.  

 Grain size separation and milling seem to be the least influential parts of sample preparation, 

indicating a strong possibility to be able skip these parts of sample preparation. 

 Different measurement devices showed changes in absolute values, highlighting the necessity to 

apply proper calibration prior to analysis. However, ratio trends seem to be independent of these, at least 

for some of the ratios tested, e.g., Ca/Ti, Rb/Sr or Mn/Ti. 

 Overall, it could be shown that proper data treatment like log-ratio transformation has a far more 

significant influence on comparability of XRF-readings than for instance different measurement devices 

using different calibrations. 

7.3.  Sources of error and methodological mistakes 
The most important sources of errors to consider are methodological mistakes and incorrect 

assumptions. Methodological mistakes start with sampling procedure at the outcrop. The sampling 

interval is hereby utmost important, as an inadequate sampling interval can obfuscate any true variation 

or trend within the succession (Pisias & Mix, 1988). It also has to be assured that no hiatus is present in 

the geological record. If a hiatus is present, precise age data is needed to interpret and correlate results 

between loess sections to avoid misleading results. 

A further source of error could be incorrectly performed sample preparation. For instance, 

inconsistent removal of secondary carbonates or organics can introduce trends into the data or dilute 

XRF-readings, as those are shown to influence absolute XRF-readings (e.g., Löwemark et al., 2011). 

Furthermore, clay particles in suspension can get lost during decanting the washed samples, resulting in 

a depletion of elements enriched in clay sized fraction, such as most trace elements. 
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The method itself could also be inappropriate to address the question. In this study, only bulk 

geochemistry is used. However, the use  of elemental ratios as a method of detecting provenance signals 

is challenged by the fact that bulk geochemistry is influenced by numerous effects such as sediment 

mixing, weathering, syn- and post-depositional alteration and the general inability to detect precise 

mineralogical composition. 

Although it can reveal significant trends and yield precise quantitative data, it will not give any 

information about the mineralogy of the sample. However, mineralogy is an important factor, as most 

of the elements can be incorporated into several different minerals. Moreover, minerals can be present 

in different polymorphs, despite showing the same composition. For instance, SiO2 can be present in α-

Quartz as well as high-pressure variants like coesite. Knowledge of the mineralogical differences could 

therefore provide further insight into the provenance of the sample if characteristic minerals or 

polymorphs, such as zircons, garnets or coesite, are found. These minerals could yield significant 

information about sediment sources as they are formed during specific pressure and temperature 

conditions characteristic of certain rocks.  

Attempts have been made to model mineralogical composition based on bulk geochemistry (e.g., 

Tolosana-Delgado et al., 2011), yet these are based on simplifications and cannot replace mineralogical 

analysis like X-ray diffraction analysis.  
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8. Conclusion & Outlook 

The difference in geochemical compositions obtained with the Bruker Tracer 5i and Titan S1   portable 

XRF-spectrometers have no significant effect on element ratio trends. Comparing Tracer 5i 

measurements with secondary data measured using an Ametek SpectroXepos bench top spectrometer, 

revealed deviations in the element concentrations and behaviour of some light element ratios, for 

instance Al/Ti or Si/Ti. On the other hand, Ca/Ti, Mn/Ti and Mg/Ti ratio showed excellent overlap.  

To conclude, the geochemical composition of loess samples measured using portable XRF-

spectrometers is therefore comparable to data obtained by bench top XRF-spectrometers when using 

element ratios. Caution should however be applied considering some light elements, such as aluminium 

or silicon. How these influences could be addressed with a device re-calibration was not assessed in this 

study. 

 Investigations into the influence of different methods of sample preparation revealed that these can 

significantly affect measurements of absolute element concentrations. XRF-readings of light elements 

in particular are heavily influenced by milling and sample moisture content. Measurements of raw, 

untreated, samples showed lower absolute element concentrations for light elements than measurements 

of milled samples, whereas concentrations of titanium and elements heavier than iron were not 

detectably affected by milling samples. Sample moisture content showed a strong influence on 

measurements of light elements, whereas heavier elements (Z>Fe) were not detectably affected by a 

sample moisture content <40%. As expected, acid treatment of samples that is used to remove carbonates 

and organic material showed a strong effect on concentrations of magnesium and calcium. Strontium 

content, which is an important element in paleoclimatic studies used to describe weathering intensity 

besides calcium and magnesium, was also rather unexpectedly strongly affected by acid treatment of 

samples. As the concentrations of these elements are lower after acid treatment, element ratios including 

these elements will not reflect the original composition.   

 Total measurement time was not shown to strongly influence resulting element concentration values. 

A total measurement time of around 120 analytical seconds is suggested a reasonable compromise 

between measurement time and precision. As precision does not improve significantly with a very long 

measurement time, shorter measurement times are preferred to rather increase the total amount of data 

acquired than increasing precision by a small margin. 

 The influence of Prolene® cover film is negligible when using proper data transformation, such as 

additive log-ratio transformation. Measurements of absolute element concentrations are however 

affected, as the measured secondary radiation of light elements is attenuated by the cover film.  

 The results of this study demonstrate that measurements of absolute element concentrations in fine 

sediments using portable XRF-devices are strongly dependent on methods of sample preparation and 

are influenced by device-specific properties like calibration set-up. Most of these influences are however 
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simply caused by the special interdependence of components as part of a closed sum. Some sample 

preparation steps affect XRF-readings more than others, which results in deviations of absolute 

elemental concentrations that are all affected by the closure effect.  

The closure effect can therefore substantially impact the resulting element concentrations of prepared 

samples. Samples that were treated with acid showed for example an increase in measured absolute 

content of titanium. This deviation in absolute titanium content could however be removed using 

additive log-ratio transformation. It is therefore absolutely necessary to consider proper data 

transformation before any interpretations are made.  

 The results of this study contribute to the provenance research of the southeast European loess by 

offering some preliminary insight into possible changes in weathering conditions, grain size sorting and 

provenance at two loess sections of limited previous study. However, more high-resolution sample 

measurements are needed to adequately address the question of southeast European loess provenance. 

The application of additional methods, such as using Raman spectroscopy, is suggested as a relevant 

tool for important information of sediment provenance by identifying and using the characteristic heavy 

mineral composition of samples. High-resolution and independent age data is crucial to allow for a 

correlation between different loess sections across the Carpathian Basin. Optically stimulated 

luminescence (OSL) dating of quartz or feldspar, and biostratigraphy using snail shells (Marković et al., 

2007) can be used to date the loess deposits.  

With reliable age data available, element ratio values in this study could be compared with other 

paleoclimatic indicators, such as pollen or δ18O isotope data, to correlate results from the Irig and 

Madaras loess sections to the wider paleoclimatic development 

 of the region. Magnetic susceptibility data, widely used in loess as an indicator of weathering 

intensity, could if available be used to confirm the suitability of element ratios like Rb/Sr as additional 

weathering indicators (Maher & Thompson, 1995). 

Multivariate analysis, like principal component analysis, should be performed to investigate the 

relationships and trend within data sets. This could reveal true correlations between elements strongly 

affected by weathering, e.g. Ca, Mg, Sr, without the risk of having an unknown component causing the 

correlation. 

Last but not least, it has to be tested how all of the proposed weathering indicators such as CIA, CPA 

or element ratios sensitive to weathering changes, for example Rb/Sr, are influenced by the closed sum 

effect. If these are influenced by the special nature of compositional data despite being relative values, 

new approaches for detecting weathering or grain size changes need to be developed. 
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Appendix I: acid treatment influence 

 
Appendix I. a: Median values of a sample after carbonate removal compared to its untreated bulk. Grey shading 
indicates 5%, dashed line 25% intervals. n=20 
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Appendix I. b XRF-readings for the same sample pre- and post-acid treatment. Median values for each element 
were log-transformed with Ba (top) and K2O (bottom) chosen as common denominator. 
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Appendix II: cover film influence 

 
Appendix II a: Boxplots showing element concentration difference between one sample measured with cover 
film (wp) and without it. Whisker length= IQR*1.5. Value displays median.  
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Appendix II b: Boxplots showing element concentration difference between one sample measured with cover 
film (wp) and without it. Whisker length= IQR*1.5. Value displays median. 
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Appendix II c: Boxplots showing element concentration difference between one sample measured with cover film 
(wp) and without it. Whisker length= IQR*1.5. Value displays median. 
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Appendix II d: Boxplots showing element concentration difference between one sample measured with cover 
film (wp) and without it. Whisker length= IQR*1.5. Value displays median. 
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Appendix III: measurement time influence 

 

Appendix III. a: Influence of total measurement time on xrf-readings. Median values normalized against values 
of ttotal=180sec. Values represent analytical seconds per phase, I-II-III, 3 phases total. Grey shading indicates 5%, 
dashed line 25% interval. 
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Appendix IV: measurement time vs. precision 

 

Appendix IV a: Precision assessment for the element indicated. Red circle indicates 50-50-100 phase setting. 
Phase settings for all measurements: 30-30-30, 50-50-50, 50-50-100, 60-60-60, 80-80-80, 96-96-96 
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Appendix IV b: Precision assessment for the element indicated. Red circle indicates 50-50-100 phase setting. 
Phase settings for all measurements: 30-30-30, 50-50-50, 50-50-100, 60-60-60, 80-80-80, 96-96-96 
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Appendix IV c: Precision assessment for the element indicated. Red circle indicates 50-50-100 phase setting. 
Phase settings for all measurements: 30-30-30, 50-50-50, 50-50-100, 60-60-60, 80-80-80, 96-96-96 
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Appendix IV d: Precision assessment for the element indicated. Red circle indicates 50-50-100 phase setting, blue 
circle indicates phases showing same error. Phase settings for all measurements: 30-30-30, 50-50-50, 50-50-100, 
60-60-60, 80-80-80, 96-96-96. 
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Appendix IV e: Precision assessment for the element indicated. Red circle indicates 50-50-100 phase setting, blue 
circle indicates phases showing same error. Phase settings for all measurements: 30-30-30, 50-50-50, 50-50-100, 
60-60-60, 80-80-80, 96-96-96. 
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Appendix IV f: Precision assessment for the element indicated. Red circle indicates 50-50-100 phase setting. 
Phase settings for all measurements: 30-30-30, 50-50-50, 50-50-100, 60-60-60, 80-80-80, 96-96-96. 
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Appendix V: major oxides Titan S1 vs Tracer 5i   

 
Appendix V a: Boxplots showing alr-transformed values for both Bruker Titan S1 and Tracer 5i. Numbers show 
median value. Whisker length= IQR*1.5 
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