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Abstract  
 

Rock-magnetic and Soil Organic Carbon Proxies of Climate Change from Loess – Aeolian 

Sediments of Brittany, France 

Carolina Kouns & Yael Margulis 

 

The aeolian sediment loess, which consists of mineral dust, is one of the most detailed terrestrial record 

of both global and regional climate changes. As climate changes in the past cover a much wider range 

of climate variability than humans have directly recorded, the soil memory of loess is vital for 

understanding the Earth’s climate system. By examining past climate records and analyzing past climate 

changes and factors that have instigated changes, inferences regarding future climate can be made. 

Therefore, the aim of this research was to define the specific depositional and post-depositional 

conditions of a loess sequence in Primel-Trégastel, Brittany, north-western France. This was done by 

examining the magnetic susceptibility (MS), and loss on ignition (LOI) of 63 samples from the Primel-

Trégastel sequence. The result suggests that the lower part was formed during a relatively long, cold and 

dry period, with significant temperature oscillations, resulting in several periglacial phases. The data 

also shows an increase in the MS signal for the middle units, which then gradually decreases 

simultaneously as there is a sharp rise in the proportion of organic matter (OM). This is followed by a 

steep drop and finally an overall increase in OM, which suggests that this period has been characterized 

by both stadial and interstadial phases.  The upper part displays a general increase in MS values, as well 

as increased organic matter, which implies a milder climate with increased temperatures. The study 

provides the first comprehensive estimate of the regional climate variability and provides a base towards 

a more comprehensive and overarching understanding of our climate system. 
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Sammanfattning  
 

Identifikation av kvartära klimatförändringar genom analys av lössjordar från Bretagne, 

Frankrike  

Carolina Kouns & Yael Margulis 

 

Den eoliska avlagringen löss som består av mineraldam är en av de mest detaljerade sedimentarkiven 

som kan bevara information om både globala och regionala klimatförändringar. Eftersom 

klimatförändringar under den aktuella tiden tros ha fluktuerat mer än vad man kan mäta med direkta 

mätmetoder, så är informationen som kan hämtas från lössjordar av vikt för att kunna förstå jordens 

klimatsystem. Genom att titta på klimatarkiv och analysera paleoklimat och faktorer som anstiftat 

paleoklimatförändringar kan prognoser om framtida klimat göras. Således är syftet med detta projekt att 

definiera de specifika avsättningsförhållandena för en lössformation i Primel-Trégastel, Bretagne, 

nordvästra Frankrike. Syftet uppfylldes genom granskning av den magnetiska susceptibiliteten (MS) 

samt Loss on Ignition (LOI) av 63 lössprover från Primel-Trégastel formationen. Resultatet indikerar att 

formationens nedersta del deponerades och utvecklades under en relativt lång, kall och torr period med 

signifikanta temperaturoscillationer, vilket resulterade i flera periglaciala perioder. Datan påvisar också 

ökad magnetisk susceptibilitet för de mittersta enheterna, som sedan gradvis sjunker samtidigt som 

andelen organiskt material drastiskt ökar, följt av en plötslig dipp och sedan en generell höjning. Detta 

antyder att även mittpartierna av sekvensen karakteriseras av en högst fluktuerande period, med tecken 

på att det förekommit både stadiala och interstadiala faser. Den översta delen av formationen uppvisar 

ökade MS värden vilket antyder ett mildare klimat med ökande temperaturer. Studien ger en första 

inblick i det regionala klimatet och tillhandahåller en bas för en ökad förståelse av jordens klimatsystem. 
 

Nyckelord: löss, LOI, magnetisk susceptibilitet, Bretagne, kvartär 
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1.Introduction  
Understanding the main causes of climate variations is one of our times most pressing scientific tasks. 

Paleoclimate reconstructions have shown that the Earth´s climate can fluctuate immensely, not only 

over large timescales, but also undergo dramatic changes over shorter periods (Rasmussen et al., 2014; 

Stevens et al., 2020). Such abrupt climate changes could potentially be cataclysmic for the development 

of a sustainable future, and furthermore, societies in climatic, environmentally and socially vulnerable 

regions (Dahrén, n.d; Hawitson et al., 2014) . As such, understanding the fundamentals of our climate 

system and the root causes of changing events is crucial. 

 Information attained from paleoclimate archives allow a long-term context and extend the climate 

record hundreds to millions of years back in time, compared to using only direct physical and 

biogeochemical analyses (Stocker et al., 2013). Loess sequences, which are made up of pedogenetically 

altered aeolian dust are one of the most detailed terrestrial records of both global and regional climate 

change. Climate changes in the past encompass a much wider range of climate variability than humans 

have directly recorded, the soil memory of loess, defined as the collection of solid-phase properties that 

stores messages of paleoclimate and paleoenvironments, can show this. Loess not only contributes with 

paleoenvironmental and paleoclimatic information but is also spatially widespread and can cover the 

entire Quaternary timespan. Therefore, it can be used as an excellent opportunity to explore, and further 

understand climate system variations over time, and allows insight into past dust activity (Dahrén, n.d.; 

Stevens et al., 2020).  

Atmospheric mineral dust is recognized as a key part of the lithosphere-atmosphere-ocean system, 

as it responds to and instigates climate changes through several complex feedback loops (Bullard et al., 

2016; Dahrén, n.d.). Responses to aeolian dust activity include, but are not limited to, ocean nutrient 

cycling, ice albedo as well as melt rates, radiative forcing and cloud formation (Bullard et al., 2016). 

These responses are sensitive to dust particle sizes, and coarse dust (grain diameter ≥ 5𝜇𝑚), which 

have particular climate impacts (such as a higher direct radiative effect efficiency compared to smaller 

grains) , are especially present in loess (Rasmussen et al., 2014; Stevens et al., 2020). In spite of the 

significance of atmospheric mineral dust activity in regard to understanding oscillations in past climate, 

many aspects of past dustiness remain poorly understood (Bullard et al., 2016). Analyzing loess 

archives could explain large scale as well as regional wind circulation patterns, atmospheric dust levels, 

precipitation and weathering rates, which in turn could be employed as the base for future climate 

projection models (Helmens, 2014). A majority of the loess deposits in north-western France are 

estimated to have been deposited during the last glacial as well as the glacial-interglacial transition 

(Antoine et al., 1999).  Because of the connection to the highly oscillatory deglacial period, as well as 

the fact that these deposit lie close to the North Atlantic, where particularly abrupt and large swings in 

climate occurred in the late Quaternary, there is an incentive to research them alongside climate change 

(Helmens, 2014). 

Therefore, the aim of this research is to define the specific depositional and post-depositional 

conditions of a loess sequence in north-western France. Magnetic susceptibility (MS) and loss on 

ignition (LOI) will be used as means for conducting this study. Analyzes of magnetic susceptibility 

provides information regarding magnetic mineral assemblage, which is a reflection of weathering and 

precipitation conditions (Da Silva et al., 2015). Loss on ignition determines changes in organic matter 

and carbonate content of the loess record, which indicates past aridity and wetness, temperatures and 

past carbon burial rates (Muhs, 2013b; Zong et al., 2020). Collectively, these climate proxies will 

provide an estimate of the regional climate variability and give a more comprehensive and overarching 

understanding of our climate system.  
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2. Background  
2.1 Loess 
Loess records are non-organic, aeolian, silt-size dust deposits, connected to a variety of site-specific 

processes, such as, syn- and post-depositional reworking and weathering, and by extension pedogenesis 

(soil-formation) (Pye, 1995; Stevens et al., 2020). Loess deposits mineralogy varies with the 

sedimentological properties of the deposit, depositional regions and the nature of the source material, 

but often include quartz, plagioclase, kali-feldspar, mica, calcite/dolomite and clay minerals, (Muhs, 

2013a; Pye, 1987a). It covers approximately 10% of Earth´s land surface and provides a special 

opportunity to explore continuous, terrestrial Quaternary climate- and environmental changes (Muhs, 

2013a, 2013b). Although oxygen isotopes from ice or marine cores are commonly used to study more 

long-term Quaternary variability (Lacey et al., 2015), the method falls short in regard to information 

concerning terrestrial environments and pedogenic processes, hence, retaining Quaternary 

paleoenvironmental information from loess formations fills an important gap.  

 Atmospheric mineral dust that is accumulated sub-aerially, form massive and fairly homogenous 

loess units, ranging between a couple of centimeters to several meters in thickness. The sediment 

consists predominantly of silt-sized grains (4-63 μm) but can include sand (>63 μm) and clay (<4 μm) 

material (Pye, 1995). Silt-sized particles can be generated in several ways, but glacial grinding is 

recognized as the key silt producing mechanism (Muhs, 2013a; Pye, 1995; Smalley, 1995). The classic 

model of loess formation includes glacial grinding, and furthermore, entrainment, transportation and 

deposition by wind (Muhs, 2013a, 2013b).  

Loess formations are often made up of alternating bands of loess units and deeply weathered 

paleosols (soils of the past) or pedocomplexes (two or more soils, separated by unconformities, or 

several superimposed soils) (Muhs, 2013b; Pye, 1995, 1987). The changes throughout the Quaternary 

(especially during the Pleistocene) between warm periods (interglacials), where soil formation 

prevailed, and arid, cold periods distinguished by considerable glaciation of continents (glacials), where 

loess accumulation dominated, produced loess-paleosol sequences (LPSS) (Buggle et al., 2009). It is 

the alternation of loess and paleosols within the LPSS:s that make them great paleoenvironmental 

archives (Muhs, 2013a). 

Loess formations are typically produced during peak dust accumulation, which is suggested to have 

occurred mostly during glacial and stadial phases. The idea that silt-sized material is produced largely 

by glacial grinding, that is subsequently deposited in till and deflated from fluvioglacial outwash 

deposits seems to be the consensus, which contributes to the view that loess units are indicators of 

global glacial periods (Muhs, 2013a; Pye, 1995; Smalley, 1995). Smalley (1995) proposed that loess 

sequences are primarily linked to the Quaternary and that they show apparent spatial correlations to 

areas of Pleistocene glaciation, this proposition is supported by the geographic proximity of several 

loess records to the southern parts of the larger Quaternary continental ice sheets, such as the North 

American Laurentide and the European Fennoscandian ice sheet (Muhs, 2013a; Pye, 1987). However, 

there are loess deposits at desert margins, and in areas that have no spatial relationship with Pleistocene 

continental ice sheets, such as the great Loess Plateau of China. Nevertheless, research suggests that 

even if glacial silt is not available as a large loess source, conditions related to glacials/stadials, such as 

declining vegetational coverage, intensified wind strength, increased aridity and a less active 

hydrological cycle, all are beneficial for aeolian silt availability, silt deflation and silts innate capacity 

to stay in suspension in air over long distances (Muhs, 2013a). Moreover, stratigraphic studies of 

Quaternary loess deposits show a clear correlation to glacial periods through plots of wind-blown dust 

mass accumulation rates as a function of their age (Muhs, 2013b), which in turn, supports the glacial- 

peak dust accumulation -peak loess formation interpretation.  
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When the rate of surface erosion or pedogenesis exceeds the rate of dust accumulation, loess 

develops into soil through weathering and/or increased water availability. This typically occurs during 

milder climatic periods, i.e., warmer and/or wetter conditions, consequentially implicating interglacial 

periods or interstadial phases (Muhs, 2013a, 2013b). The theory that paleosols intercalated with loess 

units represents interglacial-glacial cycles can be further supported by magnetic susceptibility (MS) 

measurements (Muhs, 2013a; Porter et al., 2001). Porter et al., (2001) showed in an extensive study on 

Chinese loess that there was a clear correlation between grain size distribution and the MS signal. 

Magnetic susceptibility decreased with larger median grain diameters and increased with more fine-

grained (<1 𝜇m) material (Porter et al., 2001). Porter et al. (2001) stated that pedogenic processes 

produce ultra-fine-grained magnetic minerals (such as maghemite) and that pedogenic variability is 

strongly influenced by climate, which in turn significantly affects the MS signal variability (Porter et 

al., 2001). Climatic conditions that increase the rate of pedogenesis, in extension, intensifies in situ 

production of ultra-fine-grained magnetic minerals, that enhance the MS signal, are, among other, 

higher mean annual precipitation and mean annual temperature (Bradák et al., 2021; Porter et al., 2001). 

However, it is important to note that this pattern is based on Chinese loess, and is not necessarily 

applicable on other loess deposits, i.e. other deposits might show a different climatic model of climate-

driven magnetic enhancement or depletion (Bradák et al., 2021). 

The chemical composition of loess depends on several processes and can differ between units within 

a formation. During weathering of loess, Fe2O3, Al2O3 and SiO2 can be enriched in certain layers. 

Through chemical leaching CaO and Na2O can be reduced and/or concentrated in some layers. As 

mentioned, loess generally contains carbonate minerals, detrital and/or authigenic, but shows a 

declining trend of carbonate content, as well as formation thickness and particle size further away from 

the source (Porter et al., 2001). The declining carbonate content downwind from the source is a 

reflection of syndepositional leaching due to lower dust accumulation rates (Muhs, 2013a). Some loess 

formations, such as several in Europe, include carbonate mostly in the form of detrital dolomite and 

calcite. Authigenic carbonate (secondary carbonate), if it exists, generally is seen as grain coatings or 

pore-filing needle-fiber calcite, among others. If authigenic carbonate exists, it is mostly in units altered 

by leaching and soil-forming processes (Pye, 1995). Where leaching and pedogenesis has occurred, 

decalcified layers usually overlie layers enriched by authigenic carbonate (Pye, 1995). Some scholars 

urge that “true loess” has to include carbonate minerals, as they are allegedly necessary for loess to 

form sharp vertical faces. Per contra, other researchers argue that carbonates should not be used as a 

diagnostic criterion for defining loess, as there are loess records with little to no carbonates, such as  the 

Timaru in New Zeeland, and the Bignell loess site in Nebraska, USA, which are formed in an equivalent 

way to nearby detrital carbonate-rich records (Pye, 1995). As stated by Muhs, (2013b), soil 

morphological development varies between different climates. In more humid conditions, like those in 

regions at mid-latitudes, loess tends to turn more clay-rich, red and decalcified. Whereas in semiarid to 

arid regions, where leaching is limited due to lower precipitation rates, carbonate accumulates over 

time. This means that an increasing carbonate content, as well as thickness of carbonate rich layers 

could be signs of soil development during dryer conditions. However, the interpretation of what climatic 

condition prevailed also depends on if the overlying horizon is decalcified (Muhs, 2013b).   

Another important part of the loess composition that could aid in constraining the climatic and 

environmental conditions and past carbon burial rates is the organic matter content. Soil organic matter 

can be divided into two types: 1) particulate material, generally made up of plant-based particulates, 

and; 2) single molecules or microscopic fragments of organic material, either leached directly from 

plants, or chemically transformed by soil microorganisms. The latter is more persistent in time 

(MULHERN, 2019), and is therefore more likely to be present in our units. A soils pool of organic 

carbon depends on soil carbon sequestration (where carbon dioxide is removed from the atmosphere by 

plants), which partly depends on the type of plant  (MULHERN, 2019). By determining the organic 
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matter content, climate, and by extension, the environment, what type of vegetation prevailed during a 

specific time, as well as carbon sequestration rates, can be assessed (Zhuang et al., 2016).  

Considering wind-blown sediments can be transported by either rolling/gliding, saltation or 

suspended in air, and loess mainly consists of silty material, it generally moves in suspension (Muhs, 

2013a). Loess formed by dust that has been transported far away from its source is typically finer than 

the ‘common’ loess, due to finer material staying in suspension longer. Nevertheless, an increased clay 

content (finer material) in loess formations with remote sediment provenance, does not necessarily 

mean that the clay sediment derived from the source area, but can also occur when dust deposited at a 

slow pace is altered by syn- and post-depositional weathering to a greater extent (Pye, 1987). On the 

contrary, dust deposited close to its source tends to contain larger sediment, and if deposition proceeds 

rapidly the surface weathering effect and the post-depositional alterations of the original grain size 

features become limited. As mentioned, coarser atmospheric dust (>5 𝜇m) has a substantial effect on 

the climate, and is often overlooked in modern climate models, although it could account for significant 

temperature increases (Adebiyi and Kok, 2020). Loess deposits distributed in humid or sub-humid 

regions are more likely to be clay-rich and show several pedogenetic carbonate horizons due to 

increased weathering and leaching, which complicates the provenance interpretation (Muhs, 2013a). 

Because of the complexity surrounding loess, related to provenance (including multi-source provenance 

signals within the same unit), depositional conditions, chemical composition, mineralogy and more, 

there is an incentive to combine several research techniques to aid in decoding the loess information. 

 

2.2 Loess in Europe and France 
Loess in Europe is mostly distributed along what is called the European Loess Belt, which stretches in 

a latitudinal belt from around 40°N to 60°N (Pye, 1987). The Northern European loess belt (NELB), 

extending from Britain, via France, Belgium, Germany, Poland and finally reaching the northern parts 

of Ukraine, shows apparent signs of periglacial influences, seen in both continuous and sporadic 

permafrost boundaries (Vandenberghe et al., 2014). Paleoenvironmental conditions in the regions in 

and around the NELB are suggested to have been exceedingly oscillatory during loess accumulation 

periods, moreover, slopewash and deflation among other erosive processes, likely affected the deposits. 

The implication of this is that loess was probably not deposited in one succession, and furthermore, not 

preserved as a whole during glacial periods (Schaetzl et al., 2018, p.567).  As a result, unconformities 

are not unusual features of European loess formations, complicating stratigraphic correlation. As 

mentioned in the previous paragraph, many European loess formations are located adjacent to where 

Quaternary continental ice sheets existed, and moreover, downwind from great paleoriver valleys, 

which collected large quantities of mixed glacial outwash sediment as the ice sheets began to melt. The 

north European ice sheets (British Irish ice sheet and the Fennoscandian Ice sheet) experienced a highly 

dynamic and fluctuating growth and retreat pattern. This would have led to multiple episodes of major 

meltwater pulses from both glacial lakes and decaying ice sheets, which presumably flood the North 

Sea and the English Channel (Toucanne et al., 2015), and likely brought large volumes of ice sheet-

derived sediment into the area (Stevens et al., 2020), the availability of which varied throughout the 

Pleistocene. As channel bars became exposed to air, during periods of low water levels, dust was picked 

up and subsequently deposited downwind from the valley (Pye, 1987). The distribution of loess is 

strongly affected by the proximity to these large river valleys, but also, availability of silty material, as 

well as predominant paleowind directions. This means that the depositional resolution and thickness of 

different deposits vary both locally and regionally (Schaetzl et al., 2018, p.567).  

In the Danube basin and along the banks of the Danube river in central/southeastern Europe large 

loess plateaus can be found, which implies that the Danube river was a significant sediment source 

(Buggle et al., 2009). The loess deposits in Belgium, Northern France (Brittany) and Southern Britain 

are comparatively thin, and mostly deposited around the last glacial-interglacial transition. However, 
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some deposits in Northern France are identified as pre-Eemian, i.e., they originate from before the last 

interglacial (Pye, 1987). For the loess deposits in Germany, Belgium, France and Britain, the English 

Channel and North Sea have been suggested as large sediment sources (Antoine et al., 2009). Westerly 

depressions (temperate cyclones) are proposed to have driven up large dust storms in the region, which 

led to loess accumulation in France and Germany, and consequentially, as the depressions moved along 

the Channel, they supposedly created easterly flows over Southern Britain, and contributed to loess 

build up there (Stevens et al., 2020), and might be partly responsible for loess deposits along the coast 

in Northwestern France. Yet, a study made by Lefort et al., (2019b) suggested that dust transporting 

winds accountable for dust accumulation in Brittany, Northwestern France, are katabatic winds moving 

from the northern glaciated regions. Lefort et al., (2019b) claim that this can be seen through the 

outwash of the British Irish Ice Sheet and the paleo rivers of the English Channel, as well as through 

studies on particle size distribution and heavy mineral assemblage, which show southeastern paleowind 

orientation. However, such explanations are unsatisfactory because they disregard the possibilities of 

Atlantic depressions as dust transporters, and the very plausible theory of such winds yielding the same 

particle size distribution and heavy mineral assemblage. In summary, there is little consensus on the 

main dust transporting winds accountable for the loess deposits in NW Europe, more proxy studies are 

needed to reach an unanimity in the discourse. 

 

2.2.1 Brittany: Geography, Geology and Climate  

Brittany is a northwestern French région (administrative region) which is a part of the Armorican Massif 

upland. It is bordered by the Basse-Normandie région to the northeast, and the Pays de la Loire région 

to the east. Brittany is located south of the English Channel and extends westward into the Atlantic 

Ocean as a peninsula (Britannica, The Ed. of Encyclopedia, n.d.). Brittany is considered relatively flat, 

as the mean elevation is just above 100 meters. The coastline of Brittany is strongly indented (as can be 

seen in Figure 1), with several larger bays (Britannica, The Ed. of Encyclopedia, n.d.). An oceanic 

climate dominates the region, with cool and windy summers (generally around 21°C), and rainy and 

mellow winters (typically above freezing). On the west coast, the precipitation rate is high with over 

1,100 millimeters per year (Meteo France, n.d.). 

Shackleton (1987) produced a global sea level curve by comparing oxygen isotopes with results 

from an uplift sequence analysis, which shows the approximate sea level from 140 ka until now. There 

were four significant lowstand episodes of the sea level during this time period, which can be compared 

to the continental mean age of loess deposits, as well as the local periods of loess-like deposits in 

Brittany (Figure 1) (Danukalova and Lefort, 2009; Lefort et al., 2011). The estimated mean age of loess 

development, dated by Loyer et al., (1995) through luminescence dating, was found to be approximately 

18 ka, 67 ka, 83 ka and 103 ka.  
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Figure 1.  Sea level curve, with black lines denoting ages of the loess and silt deposits in Brittany by OSL dating 

technique. Red lines mark the point of the latest glacial maximum, ~18.2 ka. Blue line mark the sea level curve 

from the Holocene and Sable-d’Or-les-Pins formations, which covers the probable timespan of the Primel-

Trégastel loess deposition and development. Modified from (Danukalova and Lefort, 2009) 

 

The loess deposits from the Pleistocene in Northern Brittany can now commonly be found either along 

the coast (Figure 2) or on coat ridges (massifs) of granite. The stratigraphic sequences are built up, as 

described by Danukalova et al. (2013), by loess-like loams, loams, sandy loams, sands, pebbles and 

soils. The original Quaternary deposits in Brittany have been continuously reworked by several 

weathering processes, driven by the marine climate as well as the granitic base, which produces acidic 

sediments. Due to extensive reworking and weathering, most of the loess sequences in Brittany have 

been decalcified (Danukalova et al., 2013). There are no loess deposits south of Brittany, besides one 

trend between Saint-Malo and Nates. This can be explained by its lower elevation and the funnel shape 

with the opening towards the north and the tip facing the south (Lefort et al., 2019b). 
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Figure 2. A map of loess sites in Brittany with highlighted sample sites as well as other sites mentioned in the 

study. Modified from (Lefort et al., 2019b) 

 

Unfortunately, the names of the Brittany loess formations coincide with the names of the site at which 

they were first defined, meaning that it is easy to misinterpret if it is the specific site or specific 

formation being described. The formations relate to specific units, which are dated around the same 

period of time and can be found in several sites (locations). Loess formations in Brittany are believed 

to be dated to several different time periods during the Quaternary. However, it is worth noting that 

many of the loess deposits in Brittany has had very little direct dating, which makes the exact ages more 

uncertain. A table is presented below to clarify the correlation between the stratigraphic scheme for the 

Brittany loess, the nomenclature of the units and the Quaternary time periods (Figure 3). The Holocene 

formation can be found at different sites and is believed to be dated to marine isotope stage 1 (MIS 1) 

(Appendix 3). This formation also corresponds to the series called Holocene. Formations from the upper 

Pleistocene are also common in Brittany, such as the Sable d’Or les Pins Formation, which is dated 

approximately to between 40 to 15 ka (upper Weichselian, MIS 2), Port-Morvan Formation is between 

75 and 40 ka (middle and lower Weichselian, MIS 4 to 3), La Haute Ville Formation is believed to 

range between 127 and 75 ka (lower Weichselian and Eemian, MIS 5) and the Nantois formation is 

from the middle Pleistocene and has been dated between 330 and 127 ka (upper MIS 9 to 6) 

(Danukalova et al., 2017, 2013).  
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Figure 3. Stratigraphic scheme for the Northern Brittany loess successions. Modified from (Danukalova et 

al., 2017) 

 

2.3 Study area: Primel-Trégastel 
The study area is located at Primel-Trégastel (48° 42.6752 N, 003° 48.2426 W) in northwestern 

Brittany, France, where the English Channel (la Manche in French) separates England from France 

and the Northern Sea from the Atlantic Ocean. The sequence is approximately 6-8 m.a.sl, north-

northwest facing along a sea cliff. The sequence begins 80 cm from the ground surface (Figure 4) 

and the stratigraphy is based on descriptions at the site by Stevens, Baykal and Jakabóva (Figure 5) 

(for the full stratigraphic description visit Appendix 4).  
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Figure 4. Picture of Primel-Trégastel loess sequence. Star marks the beginning of the sequence. Photographed by 

Yunus Baykal 

 

The first unit (I) is 60 cm thick, consisting of loam with sporadic, often rounded, rocks, and occasional 

brick fragments. The top transitions into the second unit (II), which has been described as a loessic clay 

with brown soil and has a thickness of 30 cm. The third unit (III) of the formation is 30 cm thick and 

has been defined as calcareous pure loess. The following unit (IV) consists of 30 cm orange clay with 

a clear cryoturbation including ice-wedge casts. The thickest unit (V), which is approximately 190 cm 

thick, ranges from a depth of 230 cm to 420 cm, and has been described as banded loess with alternating 

bands of dark clay and sand. The last unit (VI) is 30 cm thick and consists of gravel and loess with 

sporadic stones. The Primel-Trégastel sequence is in total 370 cm thick and reaches a depth of 450 cm. 
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Figure 5. Stratigraphy of Primel-Trégastel based on description Thomas Stevens,Yunus Baykal and Vanda 

Jakabóva 

 

The age of the Primel-Trégastel Formation has not been determined to date, and factors leading to the 

deposition of the loess formation has not been examined in detailed before. Hence, it must be compared 

to previous studies on French loess deposits and correlated to other formations in order to get an idea 

of the time of deposition. Correlations between Primel-Trégastel and other loess deposits are based on 

sedimentological similarities.  

The age of the site La Haute Ville, was first estimated through geochronological dating by Loyer et 

al. (1995). Subsequently, other publications confirmed the estimations through IRSL (infrared 

stimulated luminescence), TL (thermoluminescence) and OSL (optically stimulated luminescence) 

techniques (Danukalova et al., 2013). La Haute Ville consists of two sections, 16.5 m apart, section 1 

and section 2, which will be the one used for comparison in this study. The site entails the Holocene, 

Sables d’Or les Pins, Port Morvan and La Haute Ville formations, which goes from the Holocene (MIS 

1) to Eemian (MIS 5) (Danukalova et al., 2013). Therefore, it will be used as a tool to date the Primel-

Trégastel formation. Nantois is the second sequence that we will correlate with Primel-Trégastel. One 

of The Sables d’Or les Pins units in the Nantois site has been dated through direct radiometric OSL 

dating by Loyer et al. (1995), which gave an age of 18 Ka ± 2.5 (Figure 6). The Nantois site has also 

been dated through evident stratigraphic comparisons with other nearby sites, which have been 
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examined by radiometric dating. Out of the three sites, Nantois is located farthest to the east, and the 

site entails the same formations as La Haute Ville site, as well as Nantois formation (MIS 8) 

(Danukalova et al., 2017). All of the formations within the La Haute Ville and Nantois sequences will, 

however, not be included in the stratigraphic comparison, since Primel-Trégastel is not believed to 

originate from those time periods. For a comprehensive stratigraphy of the whole site, the reader is 

referred to the papers listed in the figure 6 description below.   

 

 

 

Figure 6. Correlations between units at Primel-Trégastel, La Haute Ville and Nantois site. The stratigraphy of La 

Haute Ville (section 2) drawn as described by Danukalova et al. with column A listing the units as 

published (2013, pp. 34–37). Nantois drawn from the description by Danukalova et al. (2017, p. 69), with column 

B listing the units as published. Cross in a circle marks the thermoluminescence age of 18.2 ka for unit 5 (as 

published) in the Nantois site dated by Loyer et al., (1995, p. 24). Question marks in units 7-8 (as published) in 

the Nantois stratigraphic column denotes the uncertainties regarding the stratigraphic comparison to the 

corresponding units in Primel-Trégastel and La Haute Ville. Timewise they correlate, but show apparent 

sedimentological differences  
 

3. Methods  
This chapter covers the techniques used to conduct this study. It begins with a short description of the 

material, followed by an introduction of the loss on ignition analysis. It continuous with defining 

magnetic susceptibility and a brief discussion on susceptibility enhancement versus paleoenvironmental 

dependence. Lastly, the magnetic susceptibility measurement will be outlined.  
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3.1 Material  

A total of 63 samples, including three overlap samples, are examined in this study, collected by Thomas 

Stevens, Yunus Baykal and Vanda Jakabóva in 2019 (Stevens is a senior lecturer/associate professor at 

Uppsala University, Baykal and Jakabóva are PhD students at Uppsala University). Samples were 

collected every 15 centimeters from the topmost layer, and then every five centimeters from a depth of 

100 centimeters down to 450 centimeters. All samples are interpreted to be of late Quaternary age (based 

on correlation to nearby dated loess deposits).  

 

3.2 Loss on Ignition  

Loss on ignition (LOI) is a method commonly used for determining organic matter and carbonate 

content in sediments (Dean, 1974) and furthermore, analyzing the chemical composition of sedimentary 

samples (Thomas et al., 2017). In this project we will examine changes in soil organic carbon (SOC), 

which includes both soil inorganic carbon (carbonate mineral content) and soil organic matter, along 

the loess sequence, which will have implications for inferences regarding both carbon storage and 

carbon burial rates during the Quaternary.   

The basic theory behind LOI is that the weight loss percentage of an ignited sedimentary sample 

can be calculated by weighing the sample before and after an ignition. Different volatile substances 

escape at different temperatures, and by knowing at which temperature a specific substance escape, the 

agent responsible for the weight loss can be determined (Dean, 1974). The method is based on the 

principle of differential thermal analysis (DTA), which depends on repeated observations and thermal 

analyzes of samples with known quantities of organic matter and calcium carbonate (CaCO3), as they 

are strongly heated (ignited) in a muffle furnace (Heiri et al., 2001; Thomas et al., 2017; Dean, 1974). 

DTA thermograms show that organic matter starts to ignite at around 200C, and is entirely oxidized 

into carbon dioxide (CO2) and ash when the temperature reaches 550C. When CaCO3 is ignited, CO2 

will start to evolve. DTA thermograms show that at about 800C the CO2 evolution will start and 

continue at a rapid pace until the furnace temperature reaches 900C, which marks the point where most 

of the CO2 has been evolved (Heiri et al., 2001; Dean, 1974). 

In this research, determination of the weight percentage of SOC in the loess samples by means of 

LOI was slightly modified from the method and temperatures describe by Dean (1974). The LOI 

analyzes were conducted at Uppsala University in a Nabertherm® L 3/12 muffle furnace (Nabertherm®, 

Lilenthal/Bremen, Germany).  

Wet loess samples were placed in pre-weighed clay crucibles and dried in an oven at 105C for 24 

hours. The samples were then weighed (Figure 7), and the dry weight (DW105) of all the individual 

samples calculated by: DW105 = (𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 
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Figure 7. Clay crucibles weighed on a scale. Photograph: Yael Margulis 

 

Thereafter, the loess samples, and two reference samples of pure CaCO3 and graphite, were ignited in 

a muffle furnace to 550C for four hours and cooled in a desiccator until they reached room temperature. 

The weight loss, which is generally recognized as an indicator of organic matter content (Zong et al., 

2020), was determined by the weight difference between the DW105 and the dry sample weight after the 

550C ignition (DW550), calculated in the two steps below: 

1. 𝐷𝑊550 = (𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 

2. Loss on ignition: 𝐿𝑂𝐼550 =
(𝐷𝑊105−𝐷𝑊550)

𝐷𝑊105
∙ 100 

The loess samples and the two reference samples were subsequentially returned to the muffle 

furnace and heated to 950C for another four hours and cooled to room temperature in a desiccator, and 

finally weighed again. The loss on ignition was interpreted as the quantity of CO2 evolved from each 

sample, determined by the two steps below: 

1. 𝐷𝑊950 = (𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 

2. Loss on ignition: 𝐿𝑂𝐼950 =
(𝐷𝑊550−𝐷𝑊950)

𝐷𝑊105
∙ 100 

The LOI550 and LOI950 express the weight percentage of organic matter and the weight percentage 

of carbonate minerals in the loess samples, respectively. However, carbonate minerals differ slightly at 

which temperature they evolve CO2, which results in an uncertainty regarding the carbonate mineral 

composition. The LOI method only provides information of the total amount of carbonate within the 

sample (Heiri et al., 2001; Dean, 1974). Other details that limit the precision of the method are, among 

others, differing sample sizes, exposure time and sample placement in the furnace. However, consistent 

handling of the different elements of the method can partially eliminate these errors (Heiri et al., 2001).  

 

3.3 Magnetic Susceptibility  

3.3.1 Enhancement of Magnetic Susceptibility and its Relationship to Pedogenesis  

Magnetic susceptibility (MS) (χm, measured in m3kg-1), defined as the amount a material can be 

magnetized (M) in relation to an applied magnetic field (H) (i.e., a materials magnetization acquired 

per unit field, χm = M/H), is commonly regulated by the amount and assemblage of iron-bearing 
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magnetic minerals, both paramagnetic and ferromagnetic, as well as their grain size distribution (for a 

complete list of different types of magnetism visit the glossary in appendix 3) (Buggle et al., 2009; 

Evans and Heller, 2003; Tang et al., 2003). The magnetic mineralogy of loess consists of two 

constituents, one is transported from the source, i.e., it is inherited, while the other part comprises of 

minerals formed by post depositional processes. Iron oxides (FeO) (e.g. magnetite and maghemite) and 

oxyhydroxides (FeO(OH)) (e.g. Goethite),  are the most frequent iron-bearing magnetic minerals in 

soil. However, ferrimagnetic minerals, such as magnetite and maghemite, play an especially important 

role as they display a susceptibility signal that is considerably higher than that of antiferromagnetic 

minerals, such as goethite, 4-5x10-4m3kg-1 versus 6-7x10-7 m3kg-1 respectively (Buggle et al., 2009). 

Implying that even small quantities of ferrimagnetic minerals, which are produced primarily during 

periods of soil formation (which is connected to the paleoenvironmental condition), has a substantial 

effect on the susceptibility signal, and furthermore, the susceptibility enhancement of a sedimentary 

sample (Tang et al., 2003).  

 As mentioned, magnetic susceptibility is grain size dependent. Evans and Heller, (2003) state that 

studies on Eurasian loess formations show that superparamagnetic grains (SP) (grain size <0.03µm ) 

dominate paleosols, whereas singledomain (SD) as well as multidomain (MD) magnetic grains (grain 

size >0.03µm) dominates in loess units.  Single and multi refers to grains where there occurs just one 

or multiple magnetic domains (regions) in which the magnetization is in a uniform direction, 

respectively (Evans and Heller, 2003, pp. 14–15). Mineral grains in the SP fraction have the overall 

highest susceptibility, which is a result of them aligning directly to all ambient fields (Buggle et al., 

2009). This implies that a magnetite grain within the SP fraction has a significantly higher magnetic 

susceptibility, up to 2-3 times higher than that of magnetite grains within the SD and MD fractions 

(Tang et al., 2003).  

 The mechanisms of MS enhancement in paleosols have been widely debated among scholars. The 

popular hypothesis accredits increased MS to some kind of in situ production concurrent with 

pedogenesis. This is supported by studies on Chinese loess correlated to the climatic pattern at the loess 

site (Tang et al., 2003). In addition to the pedogenic concept of enhancement, other ideas have been put 

forward, such as enrichment of magnetite in soils because of carbonate leaching (the carbonate content 

can be as high as 20%, which means that in decalcified horizons, ferromagnetic minerals are relatively 

concentrated, and consequentially the MS enhanced), dilution of ferromagnetic grains by an inflow of 

weaker magnetic granules, among other (Tang et al., 2003). Although, the pedogenic hypothesis of 

increased MS in paleosols (within Loess-Paleosol sequences), which entails the assumption that more 

developed soils have a higher content of pedogenic magnetic minerals, thus have a higher MS signal, 

is broadly accepted, the mechanisms of MS enhancement in paleosols are more complicated than that. 

The results of an examination of three sections of Chinese loess showed that there was no linear 

correlation between the susceptibility signal and the degree of pedogenesis, which has also been showed 

in studies on tertiary red clay (strongly weathered) of the Chinese loess Plateau, indicating that MS 

variability cannot be entirely explained by the pedogenic hypothesis (Tang et al., 2003). For instance, 

when coarser grained magnetic minerals are enriched in coarser grained loess, the wind-vigour model 

can be applied to describe the mechanism behind the magnetic identity. The wind-vigour model express 

that the overall driver of the susceptibility enhancement is not ultrafine grains, but rather larger grains, 

and that this is an indication of susceptibility enhancement during glacial periods, where stronger, more 

frequent winds, able to entrain and transport dense iron oxides, prevailed (Bradák et al., 2021; Evans, 

1999). The model is not common in the European Loess Belt, but has been reported at two different 

locations, both of where the wind-vigour enhancement worked along with the pedogenic processes. In 

the study of Pegwell Bay in southern Britain (Stevens et al., 2020) a trend found in the data indicates 

an enhancement of wind-vigour in the “lower calcareous loess unit” (Bradák et al., 2021; Stevens et al., 

2020), suggesting that this model may apply at times in loess of NW Europe.  
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 Magnetic susceptibility and susceptibility enhancement is not straightforward, and can be discussed 

endlessly, however, due to the scope of this project, we have delimited our discussion in this chapter to 

what is mentioned above, as well as the two models, which might partly explain the MS signal in the 

Primel-Trégastel loess sequence, described in more detail in the paragraph below.  

 

3.3.2 Magnetic Susceptibility and Frequency Dependence 

The amount of the magnetization is measured in bulk and is the sum of MS of all the magnetic minerals 

within an individual sample. The absolute and relative frequency dependent magnetic susceptibility (χfd 

and χfd%) is widely used for studies on soil and works by measuring the magnetic susceptibilities at high 

and low frequencies (Maher, 2016). The instrument used to measure the magnetic susceptibility creates 

a magnetic field around the sample. Thereafter it identifies the magnetization of the sample and 

calculates the proportion of the response. The difference between the susceptibility response to low (χlf) 

and high frequencies (χhf), is the frequency dependent magnetic susceptibility (χfd), and is used to find 

the ultrafine (<0.03µm) ferromagnetic minerals within the sample (Ranganai et al., 2015). Magnetic 

grains at the SP and SD size boundary, around 0.02 μm for isodiametric grains, become blocked at 

higher frequencies (behaving essentially as SD grains), hence, contributing less to the total 

susceptibility, compared to when measured at a low frequency setting. Therefore, the difference in high 

and low frequency measurements can identify the superparamagnetic contribution to the bulk 

susceptibility (Heller et al., 1991). Higher χfd % implies that SP grains dominate, whereas a relatively 

lower χfd % (less than 4%) indicates that MD or SD grains dominate (Evans and Heller, 2003). The 

frequency dependent magnetic susceptibility (χfd), being a sensitive indicator of ultrafine magnetic 

grains, also influences χlf with increasing amounts. The linear trend of the χfd and χlf relationship is what 

is referred to as the pedogenic enhancement model in the paragraph above. It used to define the “true 

loess line”. The trend shows that pedogenesis driven by amplified neoformation of magnetic minerals 

cohere to the enhancement of magnetism in loess (Bradák et al., 2021). As stated, the pedogenic model 

cannot always explain the loess-paleosol characteristics. Relatively higher values in χlf and lower χfd in 

loess compared to that of the soil horizons, is more likely to be explained by the wind-vigour model. A 

susceptibility analysis of a single loess-paleosol formation could however display tendencies towards 

both the wind-vigour model and the pedogenic enhancement model (Bradák et al., 2021). 

MS measurements are not enough to use as climatological proxies by themselves. To be able to use 

MS, along with other magnetic constants, as a valid proxy, one must examine and identify other factors 

from the parent material such as site-specific, soil forming factors, and take into consideration possible 

carbonate leaching and its effect on the relative enrichment of magnetic minerals, biological processes 

(such as the production of ultrafine magnetic minerals from decomposition of vegetation), topography 

and climate.  (Maher, 2016; 1998). 

 

3.3.3 Preparation and execution  

The samples were placed in separate glass beakers and dried at 50°C overnight. Thereafter, the dried 

material was carefully crushed into finer mass. Precautions were undertaken to preserve the mineral 

structure of the sediment grains. Plastic (non-magnetic) 2 cm3 cubes were weighed and the 

homogeneous sized samples were placed in the cubes and weighed again.  

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 = (𝐶𝑢𝑏𝑒 + 𝑆𝑎𝑚𝑝𝑙𝑒) − 𝐶𝑢𝑏𝑒 

The magnetic susceptibility was measured with the instrument Agico Kappabridge MFK1-FA 

(Figure 8), which is located at Geocentrum at Uppsala University. The instrument measure bulk 

magnetic susceptibility in weak variable magnetic fields at three different frequencies. 
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Figure 8. Measuring the MS of a loess sample with Kappabridge MFK1-FA. Photograph: Yael Margulis 

 

First, a holder correction was made with an empty plastic cube to be able to eliminate the magnetic 

susceptibility from the diamagnetic material of the plastic. Each sample was measured with three 

repetitions with the three frequencies: 976 Hz, 3904 Hz and 15616 Hz, with a peak field intensity of 

200 A/m. The mass of each individual sample was entered to receive the mass specific magnetic 

susceptibility. The mean of the samples was calculated by using the values of the three repetitions.  

The relative frequency dependent magnetic susceptibility was then calculated by using the following 

equation: 

𝜒𝑓𝑑% =  
(𝜒𝑙𝑓 − 𝜒ℎ𝑓)

𝜒𝑙𝑓
× 100 

The absolute frequency dependent magnetic susceptibility was then calculated by using the 

following equation:  

𝜒𝑓𝑑 = 𝜒𝑙𝑓 − 𝜒ℎ𝑓 

 

4. Result 
For a complete list of both the MS and the LOI data, see Appendix 1 and 2.  

4.1 Magnetic Susceptibility Variations 

The χlf values for the Primel-Trégastel sequency ranges from ~1.80x10-7 m3kg-1 to ~6.65x10-8 m3kg-1 

(Figure 9), clearly fluctuating, particularly in the bottom units. From 300 cm down to about 200 cm 

(covering the top of unit 5 and all of unit 4) there is an apparent rise in both χlf and χhf, which then shifts 

leading to a susceptibility drop (at ~250 cm). Unit 3 (starting at ~200 cm) present a clear change in 

the susceptibility signal, marking the point where the values start to increase. Unit 2, ranging between 

~140 cm to ~170 cm, denotes the steepest susceptibility increase for both χlf and χhf. The mean χlf value 

of unit 2 and 3 is ~8.97x10-8 m3kg-1. The topmost unit display the overall highest susceptibility values, 

with higher χlf than χhf, and a mean of ~1.71x10-7 m3kg-1 in χlf.  
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Figure 9. Low and high frequency MS plotted against the depth of Primel-Trégastel 

 

As for the χlf, χfd follows a highly oscillatory pattern for the bottommost part of the sequence, and no 

clear trend can be detected (Figure 10). From around 300 cm χfd stabilizes and remains broadly constant 

at ~3.6%, while χlf, as described above, display an increase/decrease pattern, resulting in arch-like 

shape.  The lines converge again at around 210 cm, and then relatively rapidly separates, with a 

significant increase in χfd, reaching a top value of 10.6%. The increase in χlf is shallower and occurs 

higher up, causing a significant difference at 172.5 cm.  At 125 cm depth, the lines show similar trends 

again, and then slowly starts to decrease in value. 

 

 
Figure 10. Low frequency MS (left y-axis) and relative frequency dependent MS (right y-axis) plotted against 

the depth of Primel-Trégastel 

 

The low frequency versus the absolute frequency dependent MS was plotted in the graph below (Figure 

11), along with “true loess” MS data taken from the Lantian site on the Chinese Loess Plateau (T. 
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Stevens personal communication March 2021) following the pedogenic enhancement model (orange). 

The figure shows two clear grouping of values for different depths at the site (green versus yellow), 

where the yellow group display the same pattern as the “true loess line” and the green group are offset 

to the upper left of the curve. 

 

 
Figure 11. “True loess” and loess from Primel-Trégastel (green and yellow) plotted in an absolute frequency 

dependent MS VS low fre uency MS. “True loess” data from Lantian on the Chinese Loess Plateau (provided by 

Thomas Stevens, March 2021) 

 

Figure 12 represents the relationship between frequency dependence and the low frequency 

susceptibility measurement, divided into different colors for each unit. Unit 5 and 6 show the most 

scattered pattern, which corresponds well to what is seen in figure 10.  
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Figure 12. “True loess” and loess from Primel-Trégastel (divided into units) plotted in an absolute frequency 

dependent MS VS low fre uency MS. “True loess” data from Lantian on the Chinese Loess Plateau (provided by 

Thomas Stevens, March 2021)  

 

4.2 Organic Matter and Carbonate Content  

LOI550 varied from 0.93% to 2.4% and displayed a significant change only between the topmost part 

(100 cm to ~250 cm) and the underlying part (~250 cm down to 450 cm) (see Figure 13). LOI averaged 

~1.88% in the top part and ~1.30% in the bottom part.  

 

 

Figure 13. LOI550 of the P-T loess formation, interpreted as the weight percentage of organic matter 

 

LOI950 varied from 0.26% to 0.93%, but was almost invariant from ~170 cm to 370 cm, ranging from 

0.54% to 0.59%, with a sudden increasement at three points (Figure 14). As the samples below and 

above these points were relatively consistent with the other values of this range, we will tentatively treat 

these as anomalous features.  

 
Figure 14. LOI950 of the P-T loess formation, interpreted as the weight percentage of carbonate minerals in the 

loess samples 
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4.3 Susceptibility and Soil Organic Carbon Correlation 

The graph below is a comparison between the stratigraphy of Primel-Trégastel, the χlf, the χfd, carbonate 

content and organic matter in relation to the depth (Figure 15). The samples from Primel-Trégastel were 

collected from the starting point of 100 cm in depth, while the stratigraphy description started from the 

top of the first unit with a depth of 80 cm. The highest mean χlf and χfd, corresponds to the highest mean 

organic matter content, and the lowest mean carbonate content. At the very bottom of the formation, 

there is a sharp drop in both χlf and organic matter, which coincides with unit 6, which includes sandy 

loess and charcoal flakes. 

 

 
Figure 15. Side by side comparison of the stratigraphy, low frequency MS, frequency dependence MS and the 

LOI analysis 

  

5. Discussion  
This chapter is divided into two parts. The first part is a brief discussion on the SOC signals and 

clay/SOC relationship. The second part is concerned with each unit and the implications of our 

susceptibility and LOI analyzes. The discussion will follow in a chronological order, starting with unit 

6. However, before beginning, some important considerations are: a) all our magnetic bulk values are 

relatively low, compared to the mean for loess samples (1.16 ± 0.17 × 10−  m3kg− ) (Taylor et al., 2014), 

b) our LOI950 values (carbonate content) are interpreted as displaying decalcified loess, compared to 

other carbonate rich loess deposits (Jary and Ciszek, 2013), c) organic matter above 2% is considered 

relatively high (Zhuang et al., 2016). 

 

5.1 Soil Organic Carbon Signals and Clay 

The highest organic content appears in parts interpreted as paleosols, formed during warmer periods, 

confirming the notion that there was a higher accumulation of organic content during pedogenic periods 

(Zhuang et al., 2016). Conversely, this aids in demonstrating that the units interpreted as soils, are 

indeed soils. The units below, consisting predominantly of loess and sandy loess, contains relatively 
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small amount of organic matter. The organic matter in these units is interpreted as a possible result of 

vegetational growth during temporary temperature increases.   

The vegetational coverage is affected by, among other, climate, vegetation and environmental 

conditions. The organic matter content (OM) is influenced by vegetational coverage, microorganisms 

in the soil, clay content, as well as temperature, and temperature-related processes. The possible 

influence of clay content on OM %, is a result of the generous surface area of clay minerals, on which 

organic matter, such as humus, can bond (Zhuang et al., 2016). The positive correlation between clay 

and OM content, recognized by several scholars (Chaopricha and Marín-Spiotta, 2014; Zhuang et al., 

2016), can be supported by the data in figure 15 (between 200 cm to 230 cm, unit 4). Unit 4, which is 

described as clay, has a steep increase in OM. However, if the OM increase is solely a result of increased 

clay content or a combination of different factors has not yet been determined. For instance, low 

temperatures and permafrost protects soil organic carbon (SOC) from decomposing (Chaopricha and 

Marín-Spiotta, 2014). This is imminent in Siberian loess permafrost, which, compared to loess deposits 

in USA and China, has a significantly higher SOC content (Chaopricha and Marín-Spiotta, 2014).   In 

conclusion, a higher SOC weight percentage could be an effect of several factors. It can be a product of 

periods of higher primary productions during pedogenesis, an effect of higher clay content, or a result 

of periglacial conditions. Periglacial conditions, both controls the SOC burial rates by freeze-thaw 

processes (cycles of freeze-thaw processes increase the vertical mixing), as well as preservation of SOC 

due to freezing temperatures (Chaopricha and Marín-Spiotta, 2014).  

As mentioned in chapter two, post-depositional reworking/weathering in humid and temperate 

conditions result in clay-rich deposits. However, the clay content in unit 4, as well as in unit 5, could 

be a result of humid and more temperate conditions and/or clay illuviation. This happens when clay 

material from the overlying weathered soil gets transported further down in the formation by water 

(Buurman et al., 1998) and produce features such as clay-coating networks. These networks are formed 

through intergranular pores (produced by dissoluted carbonate grains), succeeded by clay illuviation 

filling the pores (Durand et al., 2018). Clay illuviation is therefore climate dependent (Buurman et al., 

1998), and occur in wetter condition, where carbonate leaching can take place (Muhs, 2013b). Clay 

illuviation can result in continuous clayey deposits (Gunal and Ransom, 2006), as in unit 4. However, 

if the unit contains sand, clay illuviation could result in discontinuous deposits (Buurman et al., 1998), 

which can be seen in the banded layers of clay and sand in unit 5 in the Primel-Trégastel loess sequence. 

If the clay in units 4 and 5 is fully or partly a result of clay illuviation, this would further support the 

idea of wetter conditions discussed in the section below. 

As mentioned, leaching of carbonates affect the morphology of the loess formation. Carbonates in 

soil are often exposed to recrystallization once they are precipitated (Durand et al., 2018).  

Recrystallization is enhanced with the age of the soil, implying that signs of typical recrystallization 

features have implications for the age interpretation. Features include, for instance, mottled or crystal 

mosaics (result of coarser crystals replacing finer ones according to several scholars) (Durand et al., 

2018). Orange mottles were seen in unit 4, however, these are likely iron oxide stains, which could be 

evidence of former iron content, which has since been oxidized on exposure. This uncertainty is 

suggested to be examined in further studies. 

Due to the high solubility of carbonates, compared to silicate minerals, they can be almost 

completely dissolved from horizons in which they were accumulated in. As is the case in Primel-

Trégastel. This is typically a reaction to changes in climate or environmental conditions (higher soil 

moisture and/or acidity). Common indicators of leaching and remobilization are well-rounded rock 

fragments, and moreover, a typical dissolutions feature is clay-coating networks, which we have 

previously touched on. We have seen several signs of wet periods including at least one possible period 

where waterlogging occurred (unit 4). If these interpretations are correct, this could be the reason why 

the entire sequences contain little to no carbonates. The angular rock fragments in unit 6 reinforce the 
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idea that there was either no detrital carbonates from the beginning or that carbonate is enriched further 

down, deeper than 450 cm. However, with LOI, caution must be applied, as the carbonate findings 

might not be fully accurate. As Santisteban et al., (2004) stated LOI950 is not a 100% reliable method to 

measure the total amount of carbonate, because some carbonates start to ignite below 550°C. Moreover, 

LOI results are affected by clay content of the sedimentary sample (Dean, 1974), due to the extent of 

dehydration temperatures of clay minerals (Santisteban et al., 2004). Examination of type and amount 

of clay minerals could be useful, however, our consistently low LOI950 results, through the entire 

sequence of units dominated by different mediums, such as sand, silt or clay, is strong evidence of 

reasonably accurate carbonate values.  

 

5.2 Interpretation of the Relationship Between the Stratigraphy, MS and LOI Results 

5.2.1 Unit VI 

As seen in figure 15, unit 6 coincides with a distinct decrease in 𝜒lf (2.26 × 10-8 m3kg-1), organic matter 

(0.61 pp) and carbonate content (0.62 pp), simultaneously. However, in figure 14, the carbonate content 

drop at 427.5 cm down to 422.5 cm could be an anomalous feature, as the value for 427.5 cm is 

considerably higher than that of the nearby samples. Due to the uncertainty surrounding this point, and 

the possibility that it is a result of a measuring error, it will be disregarded.  

 The values for 𝜒lf and 𝜒fd (Figure 10), in the bottom 2/3 of unit 6, follows a pattern similar to that 

expected from the wind-vigour model (Figure 12). Although the organic matter content is higher in this 

part than the top of unit 6, it is still comparatively low. This suggests that the conditions during the time 

of formation could have been colder, and windier, i.e., favorable for the mechanisms behind the wind-

vigour model. Danukalova et al., (2017) cites Loyer et al., (1995), explaining observations of 

cryoturbations in a unit, corresponding to unit 6, in a loess record west of the Nantois site. Cryoturbation 

is, according to Jary, (2009), a starting mark of a periglacial period in a Late Pleistocene loess-paleosol 

sequence in Poland (which will be discussed in more detail for unit 4). Periglacial horizons results from 

strong climatic conditions and/or environmental changes during stadials of the Last Glacial period in 

the Polish loess sequences (Jary, 2009). This could imply that unit 6 has been affected by the same 

forces.  A note of caution is due here since this feature has not been directly recorded in Primel-Trégastel 

(PT). 

 Angular gravel surrounded by sand, and sandy loess with charcoal flakes is seen in the unit 

(Appendix 4). Gravel and sand are signs of reworking due to solifluction, which is an erosional slope 

process, which mixes loess material with coarser, locally derived material. Slope deposits typically form 

in landscapes affected by periglacial conditions. Gravel cannot be picked up by wind, it is a locally 

derived material, frost shattered off bedrock, and then incorporated in solifluction sediment (Oliva et 

al., 2011). Meaning that the gravel in this unit will be interpreted as apparent evidence of colder climatic 

conditions. The correlating unit in La Haute Ville, as described by Danukalova et al., (2013), contains 

gravel, a sign of slope deposits. Nantois´s correlating unit also show clear evidence of solifluction 

(Danukalova et al., 2017). The coarsening trend, more gravel and sand than the top half of the PT 

sequence, may express a combination of stronger winds (storm winds) or activation of more local 

sediment sources (depositing sand) and solifluction (slope deposits) (depositing gravel). Moreover, 

charcoal flakes (see appendix 4) is also a sign of changed conditions. Changes include wetter and/or 

colder periods (promoting slope process) and changes in vegetational coverage. Collectively these 

possible changes mean that the unit has undergone rapid environmental transitions. 

 

5.2.2 Unit V 

Lower values in 𝜒lf and 𝜒fd infer higher sedimentation rate and slower pedogenesis, which imply dryer 

and colder periods (Pye, 1995). For the bottom part of unit five, the MS signal shows relatively low 
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values but oscillates throughout. Because it is concluded that dust accumulation occurs predominantly 

during glacial/stadial periods, and unit 5 shows both low MS values and is relatively thick it is most 

likely connected to glacial/periglacial conditions (Bradák et al., 2021; Buggle et al., 2009; Muhs, 

2013b). This corresponds well to our organic matter data, which averaged around 1.28%, which is 

interpreted as relatively low, compared to our top value, signifying a clear cold climate association. 

However, the stratigraphic description includes banded layers of alternating clay, sand and pure loess, 

as well as a charcoal-flake-rich bottom layer. The charcoal could be a sign of past forest or bush 

environment (Danukalova et al., 2013), and alongside the alternating layers these could be  signs of 

temporary low temperature rises, corresponding somewhat to what we can see in the MS signal. Zhuang 

et al., (2016) saw the same type of features, such as a layered structure, micro-charcoal and thin and 

discontinuous clay pedo-features, in some late Pleistocene Chinese loess profiles. This was interpreted 

as a sign of regular surface disturbance and micro-scale variations, such as seasonal wet and dry 

fluctuations. This could imply that unit 5 was developed in similar conditions. Sand content indicate 

high winds (needed to transport sand), and the banded structure within the sand could be interpreted as 

a low-energy overland flow according to Lefort et al., (2019a).  The banded layers, known as limon à 

doublets, are developed during one or several consecutive  seasonal freeze-thaw periods (Lefort et al., 

2019a).  All that is discussed above, in some way, point to colder and windier conditions.  

If there is a large discrepancy between 𝜒lf and 𝜒fd, the assumption is that the mechanism responsible 

for the magnetic susceptibility enhancement is not soil formation (Bradák et al., 2021; Evans, 1999; 

Maher, 2016). The overall driver of the solid green line in figure 10 is not controlled by pedogenic 

ultrafine grains, but rather possible enrichment of coarser grained magnetic minerals or for instance 

carbonate leaching. However, as Tang et al., (2003) stated, if all carbonates are leached out in a 

carbonate-rich unit during pedogenesis, the maximum susceptibility enhancement is only 25% higher 

than that of the loess. Bear in mind that paleosols can have MS values that are up to four times higher 

than that of loess (at least in Chinese loess-paleosol sequences) (Tang et al., 2003), which makes it quite 

probable that carbonate leaching is not fully responsible for the MS enhancement in our unit. Higher 

wind energy (dust storms) and/or a closer source are drivers behind coarser grained magnetic mineral 

deposition (Bradák et al., 2021). Stevens et al., (2020) discuss extreme cyclones and high wind speed 

during the last glacial (~30 ka), which could support our idea of wind-vigour as a driver behind the 

susceptibility enhancement in the top 60 cm of unit 5. As stated in section 3.3, 𝜒fd must be relatively 

low compared to the 𝜒lf for the wind-vigour model to be applied. If the 𝜒fd is <4%, which it is between 

220 cm to 290 cm (average ~ 3.5%), Evans and Heller, (2003) assert that MD and SD grains dominate. 

The wind-vigour model indicate that the overall driver of the susceptibility enhancement is larger grains 

(MD and SD grain sizes) deposited during glacial periods, where stronger, more recurrent winds, able 

to entrain and transport dense iron oxides, dominated (Bradák et al., 2021; Evans, 1999). This implies 

that what we can see in our results is likely correlated to the wind-vigour model for the top 60 cm of 

the unit, however more conclusive information is needed to rule out that this is the only mechanism 

driving the susceptibility enhancement. Furthermore, we interpret the entire unit to be connected to 

colder periods.  

 

5.2.3 Unit IV 

Unit 4 seems to be formed in a time significantly characterized by environmental oscillations. This is 

evident in the LOI550 data, where a sharp rise in organic matter occurs concurrently with the start of the 

unit, from ~1.7% at the bottom, to ~2.2% organic matter at the top, signifying, as discussed in the 

previous section (5.1), either increased temperatures and vegetation cover, higher clay content and/or 

higher SOC burial rates and preservation during periglacial periods. As stated in the beginning of the 

chapter, an organic matter content >2% is considered high. At a depth of 210 cm there is a steep drop 
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in organic matter content (Figure 13), however, as this could be a result of several different processes, 

without more conclusive information, the specific reason will not be discussed further in this paper. 

The stratigraphic description includes features such as cryoturbation and ice-wedge casts, which 

signals a clear interrelationship to a periglacial environment (Danukalova et al., 2017, 2013; Jary, 2009; 

Jary and Ciszek, 2013). Both features are results of freeze-thaw processes, and therefore should be 

viewed as signs of  a periglacial connection (Jary, 2009; Jary and Ciszek, 2013). Nantois and La Haute 

Ville show the same type of periglacial features, as well as a  pocket shaped layer, which is a product 

of a thermokarst process (erosional freeze-thaw process in permafrost with excess ice) (Danukalova et 

al., 2013). In accordance with the present results, previous studies on Polish loess deposits have 

demonstrated similar periglacial elements, and furthermore, concluded that ice-wedge casts were only 

present during the last two periglacial stages, which corresponds to MIS 4 and MIS 2  (Jary, 2009). The 

study on the Polish loess sequences have shown that cryoturbation is recorded as the start of each 

periglacial period, and that ice-wedge casts corresponds to phases of permafrost recession (end of 

periglacial period) (Jary, 2009). The ice-wedge casts transitions into unit 3. The bottom part of unit 3 

shows apparent signs of being formed during the last glacial maximum, which will be discussed in more 

detail in the paragraph below. Although unit 4 is interpreted as being formed during a highly oscillatory 

time, the ice-wedge transition between the two units points to clear glacial conditions at the end of unit 

4´s formation.  

Moving on to consider the implication of the susceptibility analysis. Unit 4 display some tendencies 

towards the wind-vigour model, with a high low frequency reading and low frequency dependence, 

meaning that the driver of the susceptibility in this unit would be coarser magnetic grains. However, 

there are signs of other processes working alongside. A relatively high 𝜒lf and low 𝜒fd (Figure 10 at 

around 230 cm) may indicate wind-vigour, or it is a result of a magnetic depletion caused by dissolution 

of magnetic contributors by hydromorphic effects, (Bradák et al., 2021; Maher, 2016; Taylor et al., 

2014).  Hydromorphic processes decrease the MS signal by dissolving the magnetic contributors. 

Particle dissolutions due to waterlogging especially affect grains in the SP fraction,  leading to dilution 

of the ultrafine-grain component concentration (Bradák et al., 2021), which could be what is seen in 

figure 10. Waterlogging occurs when the soil profile is fully saturated, resulting in prevailing anaerobic 

conditions, leading to processes such as denitrification, methanogenesis and reduction of iron oxides. 

As both the 𝜒lf and 𝜒fd is gradually decreasing after this point (from 230 cm moving towards 200 cm), 

this points to some form of external change, affecting the unit’s susceptibility signal.  If a unit consists 

of pure loess, it usually displays a relatively low 𝜒lf and 𝜒fd% (<5%), whereas a unit of soil would yield 

higher 𝜒lf and 𝜒fd% (>10%). Deviation from this order speaks of some kind of process outside the realm, 

or in addition to, the pedogenic enhancement model. As Bradák et al., (2021) stated, this raises a 

question concerning why some LPSS:s in Europe exhibit this kind of deviation. Unit 4 is clearly 

deviating from the general pattern, but, as Bradák et al., (2021), we question the reason why. While 

some loess deposits in Europe show the same tendencies, the mechanism behind these may differ. As 

discussed in Stevens et al., (2020) where the upper non-calcareous unit samples from the Pegwell Bay 

loess record display a susceptibility pattern similar to the PT unit 4, the pattern may be indicative of 

hydromorphic alteration. This may explain unit 4´s pattern as well. In addition, effects of this 

phenomenon can be seen in other loess locations, such as in Siberia and Poland.  Gleied horizons 

(waterlogging feature in cold conditions) in the Siberian Kurtak section is discussed by Matasova et al., 

(2001), where the magnetic identity is concluded to be dependent on the concentration changes of 

ferrimagnetic minerals, similar to that of unit 4, and that this cannot be explained by the wind-vigour 

model. Furthermore, unit 4 is clearly influenced by solifluction processes and seasonal snow melts, 

probably affecting the specific magnetic signal, which can be compared to the similar MS signal in the 

Siberian loess deposit mentioned above (Baumgart et al., 2013; Matasova et al., 2001). Heller and 

Evans, (1995) investigate the possibility that some Polish loess-soil sequences were produced during 
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more humid and colder periglacial periods, responsible for gleyification and leaching of decalcified 

units, resulting in a similar MS pattern to that of unit 4. The stratigraphic description for unit 4 also 

entails purple to orange staining, which could be a sign of former manganese or iron content, which 

according to Zhuang et al., (2016) could be a result of a period of high water saturation, implying 

dominating wet conditions following dryer periods, which in turn may support a waterlogging-

hypothesis. This type of wet and reducing conditions would prevent oxidation of organic matter, which 

could lead to higher OM content (which is the case in this unit), as well as cause magnetic mineral 

dissolution. If gleyfication occurred this would be the mechanism behind the MS signal change.  

 In conclusion, cryoturbation features, waterlogging, solifluction, decreasing 𝜒lf and a higher organic 

content all point to cold and wet soil conditions in a periglacial environment. The carbonate content 

averaged at ~0.56%, but as the entire formation is interpreted as decalcified, the implication of this was 

discussed for the entire formation, and not for individual units, in section 5.1.  

 

5.2.4 Unit III 

Unit 3 starts at a depth of ~170 cm down to ~200 cm, when connecting the stratigraphic description and 

correlation to the susceptibility analysis, and the LOI analysis several questions arise.  Stevens, Baykal 

and Jakabóva describes unit 3 as a light calcareous compact loess, where the bottom 20 cm transition 

into unit 4. Unit 4, which shows several signs of glacial connection, leading us to believe that unit 3 is 

characterized in some parts by a glacial-interglacial transition and by glacial conditions in others. This 

hypothesis is further supported by the correlation to unit 3 in the Nantois formation, dated to ~18.2 ka 

(Loyer et al., 1995). Around this time, sea levels were at a low stand (although this quickly changed) 

(Shackleton, 1987), which implies large amounts of water bound as ice, i.e. the last glacial maximum 

occurred, but then rapidly increased, which points to the start of a deglacial period (Figure 1) 

(Danukalova and Lefort, 2009; Lefort et al., 2011; Shackleton, 1987). The questions regard the 

discrepancy between our data and the stratigraphic description of Primel-Trégastel, as well as for La 

Haute Ville and Nantois: Unit 3 is described as calcareous for all three sites, however, our LOI data 

shows a tendency towards decalcification, and our susceptibility readings show no clear trend, but could 

be partly included in both the true loess line and the wind-vigour model (looking at the individual points 

in figure 12), resulting in interpretation difficulties. However, as the χlf and χfd both are comparatively 

low and the sediment is described as being pure loess, this suggest development during a very cold 

phase, which leads us to conclude that it is formed during the last glacial maximum.  

 

5.2.5 Unit I & II 

As seen in figure 9 and 10, the topmost units show both relatively high χlf and χfd, leading us to believe 

that there has been a high in situ production of ultrafine pedogenic minerals, based on prior studies on 

pedogenic processes within loess-paleosol successions (Bradák et al., 2021; Tang et al., 2003). This is 

further supported by the information in figure 12, which shows that for the top units, the relationship 

between χlf and delta χfd strongly correlates to the “true loess” line. The “true loess” line is a log-linear 

trend defining the relationship between χlf and χfd, which describes the magnetic enhancement in loess 

during periods of soil formation (Bradák et al., 2021; Maher, 2016). Maher's (2016) extensive research 

on different loess successions around the world, has stated that a specific relationship between 

frequency dependent susceptibility and magnetic susceptibility defines the interpretation of which 

mechanisms control the susceptibility signal. Because we can see the same relationship in our χlf and 

χfd as that of the “true loess” line, supported by Maher (    ), we interpret that the mechanism 

controlling and driving the susceptibility enhancement in the top units is in fact ultrafine 

superparamagnetic grains, primarily produced during pedogenesis. In our stratigraphic correlation we 

can see that Primel-Trégastel´s top unit corresponds to La Haute Ville top unit (first Holocene unit) 

which is interpreted as podzolic soil and slope deposits by Danukalova et al., (2013). A podzolic type 
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soil is developed in a forest or shrub environment, which could mean that our unit is developed in a 

similar environment. Unit 1 is also described as containing rounded stones, evidence of carbonate 

reprecipitation. Nodules or rounded stones are often a result of CaCO3 dissolution and reprecipitation 

under dryer conditions (dissolution probably occurred during seasonal rainfall) (Zhuang et al., 2016). 

Furthermore, Pye, (1987) states that rounded sediments often derive from chemical weathering 

environments, such as soils, where solution and reprecipitation affect the grain shape. Moreover, this 

supports the environmental interpretation and confirms the association between the susceptibility 

analysis described above and the stratigraphic description made by Stevens, Baykal and Jakabóva. 

 However, the trends in Xlf and Xfd are not identical. At around 170 cm there is low χlf, and high χfd 

and this could be a sign of magnetic depletion, caused by either hydromorphic processes, such as 

waterlogging, and/or intense weathering (Bradák et al., 2021). The idea that the magnetic depletion 

would have been caused by extensive weathering rather than waterlogging is more consistent with the 

fact that this unit (unit 2) corresponds to the top part of a podsol. This is a sign of extremely intensely 

weathering and consistent with magnetic depletion. The fact that the formation is decalcified also 

supports the idea of magnetic depletion due to weathering. Decalcified sediments are exceedingly 

susceptible to silicate weathering, under both warm and cool conditions. This is the case in the Pegwell 

Bay loess sequence, where the changes in weathering indicators down the profile is interpreted as a 

result of decalcification and subsequently extreme weathering (Stevens et al., 2020). Leading us to draw 

the same conclusion regarding unit 2 in the PT sequence.  

To summarize the Holocene units (PT unit I and II), the top part seems to align with the true loess 

line, implying that its characteristics could be explained solely by the pedogenic enhancement model. 

In the pedogenic enhancement model, the concentration of ultrafine magnetite (ferrimagnets) in loess 

and soils is supposedly related to the degree of pedogenesis. This can be seen when examining 𝜒lf and 

𝜒fd (Kukla & An, 1989). In the susceptibility analysis, unit 1 display increased 𝜒lf- and 𝜒fd-values (figure 

10), which could imply soil formed in warmer and more humid interglacial periods, including higher 

precipitation rates, lower sedimentation and depositional rates, and moreover, a larger quantity of 

ultrafine SP grains (Bradák et al., 2021; Maher, 2016; Maher and Thompson, 1991). The bottom part 

(unit 2) shows significantly lower 𝜒lf , but a higher 𝜒fd , which may suggest some kind of pedogenic 

enhancement, but could also imply dissolution of magnetic particles resulting in a magnetic depletion 

(Bradák et al., 2021; Taylor et al., 2014). It is important to bear in mind the possible influence of human 

activity when interpreting our result for unit 1, as it contains signs of anthropogenically disturbances.  

 

6. Conclusions 
Primel-Trégastel loess deposit´s lower units seem to have been deposited during a colder period, 

although including several signs of fluctuating temperatures, among other things, several periglacial 

influences throughout the formation. The Primel-Trégastel (PT) loess sequence susceptibility signal 

displays signs related to coarser grain sizes. This could be a reflection of closer sediment sources or 

stronger wind patterns, or a combination of both. According to our results, the PT loess was likely 

deposited around the Last Glacial maximum (both before, during and after). This is supported by our 

MS data, as well as through correlation with dated nearby loess sites. The lower part of the PT sequence 

seems to have been deposited during a long, relatively cold climate, with a high dust accumulation rate. 

This interpretation is supported by several previous studies, on both European and Chinese loess. The 

decrease in thickness and increase in the low frequency susceptibility readings, the 𝜒fd %, as well as 

organic matter during the Holocene (PT upper units) suggests increased weathering and soil formation 

during this time. By extension, this implies that the climate shifted, and conditions became milder, and 

temperatures increased, simultaneously, or partly as a positive feedback of waning dust accumulation 

rates.  
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The entire formation contains little to no carbonates, which raises the question whether the sequence 

had no detrital carbonates or if it has been completely decalcified through leaching. However, as there 

are several signs of prevailing wet conditions, both during cold and warm periods, leaching is a highly 

plausible theory. We suggest further studies regarding both what types of carbonate mineral that 

presently exists, as well as examinations further down, to determine if there are carbonate enriched 

layers below 450 cm. Something else to consider, is that the formation has not been directly dated. For 

a better understanding of when deposition occurred and what climatic and environmental conditions 

prevailed, OSL dating analyzes are proposed. Furthermore, the origin of susceptibility enhancement 

can be difficult to interpret, thus, more detailed magnetic examinations are useful, such as temperature 

dependent susceptibility, to discern the relationship between the magnetic identity and soil formation. 

Collectively, all of our results support the general consensus of a highly oscillatory Pleistocene epoch. 
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Appendix 1. Magnetic Susceptibility  

 
 

 

 

 

  

Sample 

 
  

Depth 

[cm] 
  

Mean ꭓlf  

[m3kg-1] 
  

Mean ꭓmf  

[m3kg-1] 
  

Mean ꭓhf 

[m3kg-1] 
  

ꭓfd 

[%] 
  

Δꭓfd 

[m3kg-1] 
  

100-105 102.5 1.62E-07 1.55E-07 1.48E-07 8.35 1.35E-08 

120-125 122.5 1.80E-07 1.72E-07 1.61E-07 10.44 1.88E-08 

140-145 142.5 1.63E-07 1.55E-07 1.46E-07 10.15 1.66E-08 

145-150 147.5 1.24E-07 1.17E-07 1.11E-07 10.66 1.32E-08 

150-155 152.5 1.09E-07 1.03E-07 9.75E-08 9.61 1.05E-08 

155-160 157.5 1.03E-07 9.87E-08 9.35E-08 9.56 9.88E-09 

160-165 162.5 9.45E-08 8.97E-08 8.57E-08 9.37 8.86E-09 

165-170 167.5 9.25E-08 8.90E-08 8.47E-08 8.41 7.78E-09 

170-175 172.5 8.21E-08 7.76E-08 7.57E-08 7.81 6.41E-09 

175-180 177.2 8.49E-08 8.21E-08 7.78E-08 8.32 7.07E-09 

180-185 182.5 8.06E-08 7.86E-08 7.43E-08 7.84 6.32E-09 

185-190 187.5 7.85E-08 7.66E-08 7.41E-08 5.55 4.35E-09 

190-195 192.5 7.63E-08 7.48E-08 7.21E-08 5.47 4.17E-09 

195-200 197.5 7.50E-08 7.41E-08 7.19E-08 4.12 3.09E-09 

200-205 202.5 7.58E-08 7.47E-08 7.35E-08 3.11 2.36E-09 

205-210 207.5 7.77E-08 7.59E-08 7.54E-08 2.90 2.25E-09 

210-215 212.5 8.17E-08 8.03E-08 7.88E-08 3.57 2.92E-09 

215-220 217.5 9.01E-08 8.83E-08 8.69E-08 3.61 3.26E-09 

220-225 222.5 9.02E-08 8.81E-08 8.72E-08 3.26 2.94E-09 

225-230 227.5 1.01E-07 9.96E-08 9.78E-08 3.54 3.59E-09 

230-235 232.5 1.08E-07 1.06E-07 1.05E-07 3.33 3.60E-09 

235-240 237.5 1.07E-07 1.05E-07 1.03E-07 3.61 3.87E-09 

240-245 242.5 1.12E-07 1.09E-07 1.07E-07 3.91 4.37E-09 

245-250 247.5 1.14E-07 1.12E-07 1.10E-07 3.61 4.10E-09 

250-255 252.5 1.17E-07 1.15E-07 1.13E-07 3.81 4.47E-09 

255-260 257.5 1.13E-07 1.11E-07 1.09E-07 3.82 4.33E-09 

260-265 262.5 1.16E-07 1.14E-07 1.11E-07 3.84 4.43E-09 

265-270 267.5 1.08E-07 1.05E-07 1.05E-07 3.39 3.67E-09 

270-275 272.5 1.09E-07 1.07E-07 1.05E-07 3.59 3.90E-09 

275-280 277.5 1.10E-07 1.09E-07 1.06E-07 3.39 3.73E-09 

280-285 282.5 1.03E-07 1.02E-07 9.96E-08 3.48 3.59E-09 

285-290 287.5 1.01E-07 9.99E-08 9.89E-08 2.37 2.40E-09 

290-295 292.5 8.80E-08 8.68E-08 8.49E-08 3.55 3.12E-09 

295-300 297.5 8.76E-08 8.53E-08 8.40E-08 4.07 3.57E-09 

300-305 302.5 9.38E-08 9.41E-08 9.10E-08 2.93 2.75E-09 

305-310 307.5 9.21E-08 8.95E-08 8.85E-08 3.94 3.63E-09 



 

34  

  

  

 
  

 

310-315 312.5 8.50E-08 8.37E-08 8.17E-08 3.91 3.33E-09 

315-320 317.5 7.49E-08 7.40E-08 7.24E-08 3.36 2.52E-09 

320-325 322.5 9.93E-08 9.63E-08 9.58E-08 3.52 3.49E-09 

325-330 327.5 1.09E-07 1.08E-07 1.06E-07 3.08 3.37E-09 

330-335 332.5 9.02E-08 8.56E-08 8.69E-08 3.58 3.23E-09 

335-340 332.5 9.12E-08 9.11E-08 8.85E-08 2.98 2.72E-09 

340-345 342.5 9.01E-08 8.42E-08 8.81E-08 2.24 2.02E-09 

345-350 347.5 1.04E-07 1.00E-07 1.01E-07 3.19 3.33E-09 

350-355 352.5 1.14E-07 1.11E-07 1.10E-07 3.16 3.60E-09 

355-360 357.5 9.08E-08 8.95E-08 8.90E-08 1.95 1.77E-09 

360-365 362.5 1.01E-07 9.98E-08 9.91E-08 1.94 1.96E-09 

365-370 367.5 8.36E-08 8.20E-08 8.16E-08 2.36 1.97E-09 

370-375 372.5 8.73E-08 8.77E-08 8.43E-08 3.35 2.92E-09 

375-380 377.5 7.86E-08 7.61E-08 7.56E-08 3.81 2.99E-09 

380-385 382.5 9.05E-08 8.86E-08 8.66E-08 4.32 3.91E-09 

385-390 387.5 1.13E-07 1.09E-07 1.08E-07 4.64 5.23E-09 

390-395 392.5 8.94E-08 8.71E-08 8.62E-08 3.59 3.21E-09 

395-400 397.5 8.31E-08 8.11E-08 8.03E-08 3.37 2.80E-09 

400-405 402.5 7.36E-08 7.27E-08 7.08E-08 3.77 2.78E-09 

405-410 407.5 7.25E-08 7.18E-08 7.00E-08 3.36 2.44E-09 

410-415 412.5 7.25E-08 7.17E-08 7.02E-08 3.14 2.28E-09 

415-420 417.5 7.13E-08 6.97E-08 6.86E-08 3.78 2.70E-09 

420-425 427.5 6.65E-08 6.67E-08 6.46E-08 2.88 1.92E-09 

425-430 427.5 8.90E-08 8.81E-08 8.58E-08 3.65 3.25E-09 

430-435 432.5 9.46E-08 9.33E-08 9.15E-08 3.27 3.09E-09 

435-440 437.5 9.88E-08 9.92E-08 9.53E-08 3.57 3.53E-09 

440-445 442.5 1.00E-07 8.43E-08 9.71E-08 3.01 3.02E-09 

445-450 447.5 1.04E-07 1.02E-07 1.00E-07 3.41 3.53E-09 
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Appendix 2. Loss on Ignition 

 
 

 

Sample Depth [cm] LOI  550 [%] LOI  950 [%] 

100-105 102.5 2.17 0.54 

120-125 122.5 2.41 0.27 

140-145 142.5 1.88 0.54 

145-150 147.5 2.13 0.27 

150-155 152.5 1.91 0.27 

155-160 157.5 1.90 0.27 

160-165 162.5 1.91 0.55 

165-170 167.5 1.66 0.55 

170-175 172.5 1.93 0.28 

175-180 177.2 1.92 0.55 

180-185 182.5 1.92 0.55 

185-190 187.5 1.93 0.55 

190-195 192.5 1.93 0.55 

195-200 197.5 1.99 0.85 

200-205 202.5 2.28 0.57 

205-210 207.5 1.70 0.57 

210-215 212.5 1.98 0.57 

215-220 217.5 1.70 0.57 

220-225 222.5 1.71 0.57 

225-230 227.5 1.43 0.86 

230-235 232.5 1.71 0.57 

235-240 237.5 1.42 0.57 

240-245 242.5 1.69 0.56 

245-250 247.5 1.42 0.57 

250-255 252.5 1.42 0.57 

255-260 257.5 1.13 0.57 

260-265 262.5 1.42 0.57 

265-270 267.5 1.41 0.56 

270-275 272.5 1.43 0.57 

275-280 277.5 1.42 0.57 

280-285 282.5 1.42 0.57 

285-290 287.5 1.14 0.57 

290-295 292.5 1.42 0.57 

295-300 297.5 1.14 0.57 

300-305 302.5 1.72 0.57 

305-310 307.5 1.15 0.57 

310-315 312.5 1.15 0.57 

315-320 317.5 1.15 0.58 

320-325 322.5 1.44 0.86 

325-330 327.5 1.45 0.58 

330-335 332.5 1.45 0.58 
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335-340 372.5 1.45 0.58 

340-345 342.5 1.49 0.60 

345-350 347.5 1.48 0.59 

350-355 352.5 1.18 0.59 

355-360 357.5 1.49 0.60 

360-365 362.5 1.21 0.91 

365-370 367.5 1.19 0.60 

370-375 372.5 1.20 0.90 

375-380 377.5 1.52 0.30 

380-385 382.5 1.52 0.61 

385-390 387.5 0.93 0.62 

390-395 392.5 1.26 0.31 

395-400 397.5 1.23 0.62 

400-405 402.5 0.92 0.31 

405-410 407.5 0.94 0.31 

410-415 412.5 1.28 0.32 

415-420 417.5 0.95 0.32 

420-425 427.5 0.94 0.31 

425-430 427.5 1.55 0.93 

430-435 432.5 1.26 0.63 

435-440 437.5 1.52 0.61 

440-445 442.5 1.15 0.45 

445-450 447.5 1.55 0.62 

 



 

 

Appendix 3. Glossary 
Deflation – Loose material eroded by wind, from relatively flat and dry areas, such as deserts, dry lake beds 

and glacial outwash plains 

Denitrification – Microorganism response to changes in oxygen concentration in their living environment, 

where they reduce nitrate and nitrite to nitrogen gas, foremost N2O and N2 

Leaching - The loss of mineral and organic solutes by percolating precipitation. The soluble substances are 

transported downwards and commonly redeposited in an underlying layer  

Massif – Area of Earth´s crust separated by faults and flexures 

Methanogenesis – Forming of methane by microbes (final product of their metabolism). Reductive process 

under anaerobic conditions 

Neoformation - The crystallization of a new mineral structure from simple and complex ions, function of 

solution chemistry 

OSL dating - Optically Stimulated Luminescence dating method, used to date minerals. Determines when a 

mineral was last exposed to sunlight by stimulating “electron traps” in the mineral grains and measuring the 

luminescence signal as the stored electron energy is released 

Pedogenesis – Process of soil formation, include laterization, podzolization, calcification, salinization, and 

gleization  

Periglacial environment – Area affected by freeze-thaw processes, that modify the landscape substantially 

Quaternary Period - Geological time period denoting the timespan from the last 2.6 Ma to present day, 

includes the Pleistocene and the Holocene epochs 

 

 

 



 

 

 Appendix 4. Stratigraphic Description 
 

 
Stratigraphic description by Thomas Stevens, Yunus Baykal and Vanda Jakabóva. 

 

Depth 

(cm) 

Unit Characteristics  Description 

0 - 80 Recent      Rooty top 

80 - 140 I   Loam with sporadic stones Buff-colored. Anthropogenically disturbed (pieces of bricks). Stones are often rounded. Evidence of carbonate re-
precipitation. Bottom gradually transitioning into II. 

140 - 
170 

II   Loessic clay with brown soil Top is a gradual transition I-II. 

170 - 

200 
III   Light, calcareous compact loess 100-120 transition into IV 

200 - 
230 

IV   Orange clay, rich, heavy 

cryoturbation 

Strong ice-wedged casts that get inwashed unit III at the top. Purple to orange staining around (manganese? iron?). 

Charcoal flakes present. Orange mottles. 

230 - 
420 

V Banded loess with dark clay 

alternating sandy bands  

Discontinued, irregular layers, gravel-free (till 340 cm). 

230 - 

255 
  Va Faith bands, more clay 

255 - 
275 

  Vb Coarser, irregular bands with more sand bands 

275 - 
285 

  Vc Distinct, thinner bands; 50:50 sand:clay 

285 - 

330 
  Vd Distinct bands with sporadic thick bands followed by multiple thinner bands; regular, sandy-rich, charcoal-rich 

330 - 

350 
  Ve More irregular, faint; not as bright, not as sandy. More of a clay component? 

350 - 
360 

  Vf Bands disappear, distinction between the bands disappear. Clay bands? 

360 - 

380  
  Vg Charcoal flacks throughout the whole sub-unit. Distinct charcoal layer on the bottom of the sub-unit surrounded by 

sand. 50:50 sand:clay 

380 - 

420 
  Vh Very fainted, clay-rich layer with almost no distinction between sand/clay. Very humid. 

420 - 

450 
VI   Gravel unit, loess with sporadic 

stones 

340 cm starts with gravel surrounded by sand. Sandy loess; angular gravel; charcoal flacks. 

450 VII   Banded gravelly loam A large boulder present at the top of the unit. Wavy flow banding along the profile + gravel. 



 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


