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Abstract

:

The Lieth Moor area, located in the district of Pinneberg, Schleswig-Holstein, Germany, is a hotspot of Late Palaeolithic settlement activity. The exceptional abundance of archaeological sites is commonly attributed to the presence of a large palaeolake. However, in the Weichselian Late glacial, there were numerous large lakes in Schleswig-Holstein. Thus, a well-founded explanation for the find concentration in Lieth Moor is still lacking, and forming a research desideratum until today. To improve our understanding of this Late Pleistocene landscape and its appeal to hunter–gatherer groups of that time, we conducted a large-scale archaeogeophysical study focusing on a possible ford of the potential palaeolake. We employed Ground-Penetrating Radar and Electromagnetic Induction measurements, supplemented by existing legacy drill-probing data, to identify and map limnic gyttja (organic lake mud) sediments and their spatial distribution within the area. The findings of our study indicate that during the Late Pleistocene to Early Holocene, the Lieth Moor area comprised a cluster of small ponds rather than a continuous lake. These ponds likely interconnected during periods of increased water levels. The presence of dry islands within the region corresponds with archaeological evidence, suggesting that Late Palaeolithic communities visited some of these islands. The absence of the previously postulated palaeolake places the known findings within a completely new palaeoenvironmental context: instead of the previously suspected ford, we assume that the proximity to the Elbe Palaeovalley played a decisive role in the repeated habitation of Lieth Moor. This area, rich in fresh water and fish, along with the dune chain situated to the west, serving as both a vantage point and windbreak, presented an ideal location for awaiting animals migrating along the river Elbe and/or as a resting place within the settlement system of mobile hunter–fisher–gatherer groups.
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1. Introduction


Thus far, the Late Pleistocene is the last time in human history that was marked by systemic shifts in the climatic and environmental regimes on a global scale [1,2,3]. A thorough examination of a specific palaeolandscape, encompassing its waterbodies and topography as well as their temporal change, can aid in understanding the evolution of Late Pleistocene environmental conditions [4,5,6,7]. Furthermore, by examining the spatial distribution of archaeological material within a reconstructed landscape, it becomes possible to infer patterns of resource utilisation, subsistence strategies, and locations of settlements of prehistoric hunter–gatherer groups [8,9,10]. Hence, we can induce how groups attributed to the Late Palaeolithic (appr. 15,000–11,500 cal. BP in Northern Europe) adapted their settlement patterns to this landscape and the changes therein. However, Late Palaeolithic groups are commonly characterised by a high degree of mobility, and their campsites are accordingly often ephemeral and hard to locate [11,12,13].



Studying the palaeolandscape helps to identify suitable locations for (1) human settlements during the Late Pleistocene age and (2) areas with good preservation conditions. In particular, former waterbodies often provide favourable conditions for the preservation of organic materials, such as wood, bone, and plant remains [14,15,16]. By targeting this type of area, the chances of recovering well-preserved artefacts and ecofacts can be maximised, thus also allowing for an absolute dating and better functional understanding of past human activities. Hence, this research paper aims to reconstruct the Late Pleistocene landscape in a specific case study area (Lieth Moor) with a particular focus on its waterbodies and their relation to the settlement remains of Late Palaeolithic hunter–gatherers.



In particular, this study addresses the following research questions:




	
What was the nature of the Late Pleistocene landscape in the Lieth Moor area? Was there a continuous palaeolake or rather a cluster of small ponds?



	
Were these waterbodies interconnected during periods of high water levels?



	
What insights can be gained from the landscape reconstruction regarding the attraction of hunter–gatherer groups to this region? Were there islands where people settled, or fords where hunters could wait for their prey such as herds of reindeer?








To achieve our aim, we employ Ground-Penetrating Radar and Electromagnetic Induction measurements in conjunction with legacy drill-probing data. These methods allow us to identify and map sediment distributions, particularly focusing on the limnic gyttja sediments associated with the hypothesised palaeolake. Gyttjas (German Mudden) are sediments deposited underwater with a minimum organic matter content of 5%. They are categorised into distinct groups according to their content of organic, calcareous and siliceous materials [17].



This paper is structured as follows: as a background, we outline the Late Pleistocene to Early Holocene climate and environmental changes and introduce the Lieth Moor area, covering its geology and archaeological material. After presenting the used materials, methods, and the survey results, we jointly interpret the palaeolandscape. Finally, we propose a model of Lieth Moor’s landscape development and discuss its implications on Palaeolithic hunter–gatherer settlement behaviour.




2. Study Area


2.1. Late Pleistocene Climate and Vegetation Shifts


To understand the general chronostratigraphy of southern Schleswig-Holstein and the vegetation development within the Lieth Moor area, two pollen profiles comprising parts of the Late Pleistocene and Early Holocene sequence are available from this area [18,19]. Furthermore, a comprehensive palaeoenvironmental study of a Late Pleistocene to early Holocene sequence was possible at the nearby palaeolake Nahe where preservation conditions were excellent [20,21] (ca. 30 km distance, cf. Figure 1). The results from this study compared with the Lieth Moor profiles provide insights into the landscape changes that have affected the Lieth Moor area at the end of the Pleistocene and the onset of the Holocene. Using the INTIMATE event stratigraphy [3], the results can also be compared to the general climatic developments in the North Atlantic region and will be described in the next paragraphs.



The onset of the Late Pleistocene interstadial biozone is marked at palaeolake Nahe by the presence of sediments from the Meiendorf event (14,510–13,940 cal BP) [20]. The predominant vegetation consisted of pioneer plants, in particular Hippophaë sp., indicating the ongoing development of soils. The overall environment during this interstadial was characterised by a climatic amelioration (GI-1e). But with an open tundra environment still prevailing, reindeer were the primary targets for hunting [33].



This amelioration event ended in a short, cold, and dry fluctuation (GI-1d) that is reflected in the palaeolake Nahe pollen profile, with some decades delay, by a dry steppe vegetation dominated by grasses and herbs (Dryas 1, 13,940–13,830 cal BP) [20]. In Lieth Moor, at Klein Nordende LA 37, the presence of numerous Hippophaë sp. stems suggests the disappearance of the previous pioneer vegetation during this event [19].



During the subsequent Allerød interstadial (13,830–12,540 cal BP) [20], the climate further ameliorated, leading to the stabilisation of soils, ecotopes, and the landscape as a whole. Although the hydrology shows some fluctuations over this long period (GI-1c-a), the water levels generally increase, reflecting higher precipitation rates. In the Lieth Moor area, the earliest artefacts, from Klein Nordende LA 37, were found at the transition to the Allerød [19]. In the beginning of this interstadial, Betula sp. pollen dominates the pollen spectrum but is outnumbered further up in the profile by Pinus sp. pollen. This development correlates with the development in palaeolake Nahe towards open woodlands that are dominated by Betula pubescens in the beginning but with an increasing contribution of Pinus sylvestris over time [20]. The presence of elk as part of the hunting fauna at the upper horizons of Klein Nordende LA 37 [19], dating to the end of the Allerød interstadial [34], further supports the notion of denser woodlands but also extensive wetlands in the Lieth Moor region at this point. Some large fish bones found in the adjacent riparian zone also confirm the presence of larger waterbodies [35]. However, directly radiocarbon-dated osseous material from other sites in southern Schleswig-Holstein indicates the ongoing presence as well as occasional human exploitation of reindeer [36].



During the following stadial (GS-1), the temperature cooled down once again, with increasing aeolian activities and a severe dryness in the older part of this event [37,38]. In the younger part, the humidity increases again and the climate in Northern Germany becomes more oceanic [20]. The fully developed stadial vegetation zone of the Dryas 3 (12,540–11,560 cal BP) lagged significantly behind the climatic onset of this cold event, showing a gradual transition from interstadial to stadial conditions. In total, it exhibited a mosaic of tundra and steppe elements, with occasional clusters of bushes and trees found in protected and moist locations. This environment was described as park tundra [39], and a cold climate fauna, including reindeer and arctic fox, became dominant again and spread across the North European Plain [33]. However, towards the end of this stadial, a more diverse faunal spectrum is reflected in southern Schleswig-Holstein by directly radiocarbon-dated specimens of horses as an indicator for open landscapes [40] and of bison (Bison bonasus) as well as elk as indicators for woodlands with a strong wetland component for the latter ([41], footnote 1).



The very sudden climatic change towards Holocene conditions (GH) was mainly characterised by higher temperatures and the associated thawing of permafrost. The lake levels in Schleswig-Holstein appear to have remained stable [20], suggesting no significant increase in precipitation. Biostratigraphically, the onset is reflected in a rapid increase in Betula sp., including tree birches at palaeolake Nahe. Nonetheless, grasses were also increasing, indicating that the vegetation succession towards light birch forests allowed for larger open areas and/or birches that remained primarily in the shrub stage. Hence, this environment still allowed for the presence of reindeer, which remained in the area until the Preboreal oscillation (11,390–11,250 cal BP) alongside an increasing number of woodland and wetland species such as bison, elk, beaver, and red fox [42]. After this period, the Late Palaeolithic assemblages disappear from Northern Germany, and the first Mesolithic sites appear [43].




2.2. Geological Setting


Lieth Moor is located in the district of Pinneberg (Schleswig, Germany), southeast of Elmshorn. It has received extensive geological attention due to its location atop the Elmshorn salt diapir (e.g., [44,45]). The presence of the salt deposit has played a significant role in shaping the Lieth Moor region. Halokinetic movements caused Rotliegend clay marl (known in the area as ‘red clay’ or ‘red loam’) and Zechstein limestone ash to rise up to near the present surface [45,46,47]. Subrosional processes have contributed to the formation of a central trough and an outer uplifted ring in the landscape [44,45]. Additionally, several small-scale karstic sinkhole features are known [48,49,50].



During the Elsterian and Saalian glaciations, the study area was covered by glaciers depositing moraine and sandur material. In the subsequent Weichselian glaciation, the glaciers did not reach the Elmshorn diapir [51]. Instead, the area was periglacially levelled by glaciofluvial and aeolian sand deposits [52]. Expressions of periglacial processes such as solifluction, stone pavements, and patterned grounds occur commonly [19,44,53,54,55]. Intercalated with Late Pleistocene aeolian cover sands, there are also deposits of warm temporal soils, gyttjas, and peats reported [54,55,56]. These findings indicate a complex sequence of various soil and lake formation phases in the central trough.



The gyttja deposits in the central trough were first discovered and geologically mapped in 1953 [57]. The previously postulated lake [58], now termed Palaeolake Esing, subsequently underwent a more detailed examination: the southern lakeside region was investigated by [59,60]. The authors of [48,49] examined the northern lake area, while [61] studied the former western to southwestern shore region. Additionally, the investigators of [62,63,64] extended this mapping to trace its continuation within the Hammoor area. The most recent and comprehensive geological mapping was compiled in 1997 by [45], who integrated the aforementioned data in conjunction with new drillings.



At the onset of the Holocene, water regimes shifted once again due to the rising sea and groundwater levels [50,53,57]. This change led to the renewed deposition of peat and the formation of the wetland. A hiatus between lake deposits and the following peats indicates a phase of subaerial conditions before the onset of peat growth [37,65].



Today, the landscape in the Lieth Moor area is intensively anthropogenically overprinted. The once widespread peat deposits have been almost completely extracted [53]. The area was then intensively drained and is now utilised mainly for green fodder production. Furthermore, lime ash and ‘red loam’ were extracted from the region for use as fertiliser and in brick production, respectively.




2.3. Archaeological Context


The Lieth Moor area is part of a larger peatland zone resulting in different topographic denominations in the past such as Lieth Moor (e.g., in present-day topographic maps or [66]), Esing Moor [67,68], or Hainholz-Esing Moor [19,58,69]. Peat extraction began prior to the Prussian topographic land survey, resulting in only scattered remains of Lieth Moor visible on the earliest maps [67]. Hence, when archaeology as a science and public archaeological interest began to grow, significant areas were stripped of Holocene sediments, allowing for Late Palaeolithic artefacts to be discovered at the surface. Already in the 1940s, an abundance of archaeological sites in this area had been noted [68]. In the 1960s, this high site concentration was once more identified, with [69] attributing it to the presence of a larger lake. However, this situation is not unique as the melting Weichselian glaciers have left many larger lake systems in Schleswig-Holstein, which makes this argument unconvincing. Therefore, the concentration of archaeological finds in Lieth Moor lacks a comprehensive explanation, which represents a research desideratum that persists to this day.



In Lieth Moor, 88 archaeological sites are recorded (see Figure 2) in the register of prehistoric and historic artefacts and archaeological sites and monuments of Schleswig-Holstein (Landesaufnahme = LA). At some of these sites, numerous artefacts have been collected from the surface, occasionally reflecting palimpsest situations. Hence, we established 99 Stone Age assemblages that we attributed to the Stone Age in general (n = 14), the Neolithic (n = 27), the Mesolithic (n = 30), and the Late Palaeolithic (n = 28). Among the Late Palaeolithic inventories, the general Late Palaeolithic (n = 6), Ahrensburgian (n = 12), and Federmesser-Gruppen (n = 10) assemblages have been identified. For the chronology of the technocomplexes, please refer to Table 1. Interestingly, no finds of the first Late Palaeolithic pioneers of the Hamburgian have been identified, although they were present in the Ahrensburg tunnel valley c. 35 km to the southeast where similar living conditions existed during the Late Pleistocene [21,36]. Equally, large (Bromme) tanged points have not been found in this area so far. However, the known sites provide strong evidence for regular human occupation in this area from the Allerød throughout the early and middle Holocene.



Only three of the numerous Late Palaeolithic sites were archaeologically excavated: Wolfgang Taute’s excavation at Klein Nordende LA 2 in 1960 ([66], pp. 71–76) (cf. Figure 2) is of particular relevance due to its location within our archaeogeophysical survey area. This excavation was initiated by the presentation of worked reindeer antlers, which had already been discovered during well construction in the 1930s. Forty search holes were laid out, the exact locations of which are no longer traceable. In the process, a gyttja deposit was found and extensively investigated with 62 boreholes and six excavation areas. The confined nature of the gyttja deposit led to the interpretation of it as a small pond, and a palynological analysis of the gyttja sediments assigned it to the Dryas 3 stadial ([66], p. 75). On a sandy elevation approximately 50 m north of the gyttja, lithic artefacts have been found since the 1930s in a relatively dense concentration, although they were probably subject to movements by ploughing. Taute considered a few undiagnostic lithic artefacts and a few faunal remains from the gyttja, the worked reindeer antler, and the collected lithic material from the surface as representing the remains of a Stone Age camp ([66], p. 75). He attributed this camp and the worked reindeer material to the Dryas 3 as he assumed the finds and the sampled gyttja to be contemporaneous. Consequently, he attributed the material to one of his subgroups of the Ahrensburgian. Hence, based on the location in a possible ford situation of the reconstructed Palaeolake Esing, we considered the setting as similar to the reindeer hunting site of Stellmoor [71] and/or Nahe LA 11 [72]. However, calibrated radiocarbon dates of the reindeer antler material clearly belong to the early GI-1c event, and a re-examination of the lithic material showed no reliable technotypological indication for Ahrensburgian material, making the previous considerations obsolete.



The other two archaeological excavations are located west of the train tracks.



Klaus Bokelmann excavated at LA 37 [19] (cf. Figure 2), in which parts of a Federmesser-Gruppen site preserved beneath Dryas 3 dune sands were uncovered. Late Pleistocene shorelines of a potentially large palaeolake were also identified.



The most recent archaeological excavation was directed by Ingo Clausen and Annette Guldin (the Archaeological State Office Schleswig-Holstein) and took place in 2013 (cf. the blue rectangle in Figure 2). Based on the geological mapping of limnic sediments by [59], the team expected to encounter the western shoreline of the potential palaeolake. However, instead of an undisturbed site or lakeshore, they found heavily displaced layers (pers. comm. I. Clausen).



In summary, the results of the aforementioned excavations are contradictory, illustrating the complex and not yet fully understood geological development of the Lieth Moor area in the Late Pleistocene to early Holocene. Further research is needed to place the reported archaeological finds in a more precise landscape context. In the following, we approach the first step of this research in a largely noninvasive way. On the one hand, this allows us to cover a larger area, and on the other hand, we preserve the archaeological sites for future research.





3. Materials and Methods


3.1. Prospection Concept


To gain insights into the Late Pleistocene landscape in Lieth Moor, we aim at identifying and mapping sediment distributions, particularly focusing on the limnic gyttja sediments associated with the hypothesised palaeolake.



Gyttjas exhibit heightened organic matter and water content relative to the underlying mineral parent material, which results in contrasts in the electrical properties [73]. Additionally, gyttja types vary greatly in their mineral composition and organic matter content [17,74], which can lead to site-specific contrasts at the interfaces between different gyttja layers [73,75,76,77]. Therefore, we employ geophysical techniques that are sensitive to electrical conductivity and dielectric permittivity contrasts, namely Electromagnetic Induction (EMI) and Ground-Penetrating Radar (GPR) (cf. Figure 3). Unfortunately, the EMI equipment was only available for a limited amount of time, i.e., measuring a confined test area. We prioritised the proximity of LA 2, given its significance as the source region of the reindeer antler artefacts [66].



Both methods are particularly suitable as they are time efficient and provide continuous images of subsurface properties. GPR enables detailed profile sections of sedimentary structures with good depth resolution, while EMI rapidly offers an overview of lateral variations in electrical conductivity [77,78]. This continuous mapping is a decisive advantage in contrast to sparse point data, for example from soil samplings [79].



Nevertheless, there are limitations to gyttja imaging using EMI and GPR. Electromagnetic waves experience strong attenuation in waterlogged and/or clayey conditions [77,79]. Furthermore, the contrast between gyttjas and underlying mineral parent material may be diminished in areas of high clay content. Despite these limitations, we adhere to the recommendation of [77] to use GPR and EMI in the first geophysical investigation step (step 2 after [77]), as the area is extensively drained and clay forms the basement only locally.



Besides a thorough method selection, geophysical surveys always need additional ground truth to match the measured physical contrasts in the subsurface with corresponding lithological boundaries. To address this, we incorporate legacy drill-probing data to contextualise and validate our findings and provide ground truth information.



In the expansive Lieth Moor region, we delineated a specific focus area based on the legacy data to concentrate our investigation. Our focus is on a transect situated in the central part of the reconstructed Palaeolake Esing, as detailed by [45]. This subarea exhibits relatively thin gyttjas, and there are indications of a potential ford or island [45,66]. Unfortunately, the (timely) acquisition of permissions from all landowners and tenant farmers for a comprehensive survey of the entire designated survey area proved challenging.



In summary, our prospection concept combines geophysical EMI and GPR techniques with legacy borehole data to shed light on the Late Pleistocene landscape and better understand the distribution of limnic gyttja sediments within Lieth Moor (cf. Figure 4).




3.2. Ground Penetrating Radar


Ground-Penetrating Radar (GPR) operates by emitting electromagnetic waves into the ground [80,81]. Subsequently, a receiver records the amplitude and phase of the reflected portion of these waves after the measured two-way traveltime. This method is sensitive to variations in the dielectric permittivity and electric conductivity within the subsurface. Changes in the dielectric permittivity cause contrasts in the wave velocity that result in reflections or scattering of the waves. The electric conductivity influences the level of damping experienced by the waves.



2D GPR profile measurements were conducted by using a GSSI SIR 4000 unit with a 200 MHz centre frequency antenna (cf. Figure 3 left). GPR as well as EMI measurements were positioned by a Stonex SAPOS system mounted to the respective geophysical measurement equipment. We covered the measurement area with GPR profiles at 5 m intervals where possible (cf. Figure 4). Drainage ditches often determined the orientation of the profiles, and in some areas, the heavy growth of rushes prevented further measurements. The acquisition settings were as follows: sampling frequency, 93 Hz; number of samples, 1024; number of stacked scans, 12; time window, 140 ns for profiles 1–31 and then adjusted to 200 ns.



The data were processed by using an in-house program called MultichannelGPR. MultichannelGPR is a collection of MATLAB® Scripts for GPR data processing available on request [82]. The processing of the data included the following steps: time-zero correction; subtraction of the mean trace; bandpass filter of 80–320 MHz (profiles 1–53) or 25–500 MHz (profiles 54–276) (based on spectrum analysis and the observed S/N ratio); spherical divergence correction; and topographic migration by using a constant velocity of 0.063 m/ns as derived from diffraction hyperbola fitting. The processed GPR profiles were exported as segy-files and imported into IHS Kingdom Suite.




3.3. Electromagnetic Induction


Electromagnetic Induction (EMI) is sensitive to the electrical conductivity and the magnetic susceptibility of the subsoil [83,84]. A transmitter coil emits an oscillating magnetic field into the ground, where it generates eddy currents. These currents generate a secondary magnetic field, which interferes with the primary magnetic field. A receiver coil records the superposition of both magnetic fields.



We conducted EMI measurements in horizontal coplanar (HCP) mode by using a CMD Explorer (GF Instruments) device with three coil spacings of 1.48 m, 2.82 m, and 4.49 m. This results in effective depths of 2.2 m, 4.2 m, and 6.7 m according to the user manual. The device was carried at a height of about 1 m, reducing the effective penetration depth by this height (cf. Figure 3 right). Acquisition was performed in continuous mode, wherein the device was moved along the profile continuously, simultaneously measuring the GPS position and data. Data sampling was performed at a 10 Hz sampling frequency. We covered an area of approx. 3.5 hectares (marked in yellow in Figure 4) with continuous profile measurements spaced approximately 10 m apart.



The processing of the data included the following steps: correcting RTK-GPS positions for each individual coil pair centre offset as well as the gridding, interpolating, and filtering of the data by using a grid increment of 2.5 m and a 2D median image filter. A drift correction was only performed for the first coil pair inphase component as the effect of instrument drift was less than the observed data error for all the other measured components.



Beyond the mapping of apparent conductivity, we also performed independent 1D conductivity inversions for every 2.5 m by 2.5 m sized bin of the dataset. The minimisation of misfit was implemented by using a 1D stochastic optimisation approach that combines dimension adapting Reversible Jump Markov Chain Monte Carlo with Artificial Bee Colony optimization [85]. Several solution models of simplified model geometry and a variable number of model knots are found by the code for each 1D inversion. These models are resampled in 0.2 m depth steps and used to calculate an average solution model. This mean model together with its variances and covariances is taken as the result for the regarding bin and is represented at the according location in the images presented in this paper. All 1D inversions are independently performed with the following parameters: the minimum and maximum number of model knots were 2 and 4; the bee hive size was set to 400 and maximum iterations to 200; and the number of best models used to calculate the average solution model and (co)variances was 50. Forward modelling during the inversion processes was performed by using the full solution code by [86]. Subsequently, the resulting 1D models were combined into a pseudo-2D profile or pseudo-3D cube representations.




3.4. Legacy Drill Probing Data


Legacy drill-probing data from sedimentary descriptions by [60,61] and from data provided by the Geological State Archives of Schleswig-Holstein (LfU) were digitised in the same IHS Kingdom Suite project for joint interpretation with the GPR profiles. Notably, these datasets were not generated for archaeological landscape reconstruction but rather for the preparation of geological/soil maps or prospection for site-development projects.





4. Results


4.1. Ground-Penetrating Radar Measurements


We delineated the key GPR reflectors and facies apparent in the Lieth Moor study area and evaluated radar profiles in combination with drill-probing data to assign lithological boundaries or facies to the radar signals, respectively. Because the drillings were not performed concurrently with the GPR measurements but instead represent legacy data, the borehole locations frequently do not align precisely with the radar profiles. In our interpretation, we considered boreholes located up to 10 m away in areas of sparse borehole density. In areas with a higher drilling density, this criterion was narrowed down to 3 m. Nevertheless, the information obtained from these corings was essential in understanding the GPR reflection patterns and local lithology.



Figure 5 and Figure 6 showcase GPR profiles 12 and 50 as representative examples. These profiles vividly exhibit the four major radar facies within the study area. The lowermost stratum features a high-amplitude continuous reflector with a transparent GPR facies underneath. This signal is caused by the Rotliegend clay marl, colloquially known as ‘red loam’ or ‘red clay’ in the Elmshorn salt diapir area. This interpretation is supported by geological observations, as for example in drilling BO13 (cf. Figure 5, red mark). The transparency of this GPR facies arises from extreme damping due to the high conductivity of the clay. In parts of the study area, the Rotliegend ‘red loam’ emerges remarkably close to the ground surface, as exemplified in profile 50 (Figure 6).



Overlying the Rotliegend ‘red loam’, the next GPR facies exhibits an overall low reflectivity, featuring predominantly continuous and nearly horizontal internal reflectors with minimal undulation. These reflections correspond to layers of fine to medium coarse sands, as reported from numerous legacy drillings within the area. The low reflectivity is likely a result of water saturation, as Lieth Moor typically experiences shallow groundwater levels [60]. We construe these sands as glacial meltwater/outwash plain sands, based on the internal reflection patterns and reflector continuity as discernible in the radar profiles. However, it should be noted that only a handful of investigators in the Lieth Moor area have conducted microscopic laboratory analyses of the grain shape to ascertain the genesis of the sands (e.g., [48]). The bulk of the available drilling data comprises field observations. Consequently, differentiating between glacial meltwater sands and aeolian cover sands remains a challenge given the presented database.



The uppermost section of the GPR profiles is characterised by two distinct radar facies. Both display overall higher radar amplitudes compared to the outwash plain sands as they are representing the vadose zone. The first near-surface GPR facies exhibits the highest amplitudes of all radar facies within the Lieth Moor area, displaying complex internal reflection patterns. Numerous legacy drillings have affirmed that this radar facies corresponds to the limnic sedimentary facies, which consists of alternating layers of differing gyttja types and sand layers. The thickness of this facies is often low, and delineating its base is therefore a challenging task. In some areas, gyttja layers are reported in the drillings but are either too thin to be resolved by GPR or are masked by the direct wave (cf. for example in BO183, Figure 6, brown mark). Following the quarter wavelength criterion   ( λ / 4 = v / 4 f )  , using v = 0.063 m/ns as derived from diffraction hyperbola fitting and the antenna centre frequency of 200 MHz, the expected vertical resolution falls in the order of 8 cm. In 21 digitised corings, the gyttja thickness is lower than this 8 cm resolution limit. Within the gyttja facies, a v-shaped, channel-like structure is particularly striking. Here, the gyttja layers attain their maximum thickness in the surveyed area, and intricate layering patterns of various gyttja types intercalated with sand layers become visible particularly well. Below the channel lies a zone of increased radar signal attenuation. Its origin remains unclear, as no available drilling has penetrated this low-reflectivity zone. While most drillings do not reach sufficient depth, the deeper drilling BO13 is unfortunately situated to the west/outside of this zone.



The second near-surface radar facies exhibits small-scale and chaotic internal reflections. Radar reflectivity is generally high, albeit lower than observed in connection with gyttjas or Rotliegend ‘red loam’. This radar facies corresponds to the aeolian sands as evidenced in numerous borehole observations. Discerning the transition to glacial meltwater sands is often challenging. Only in some subareas are the different sand deposits demarcated by a discernible reflector (see the yellow line in Figure 6). Possibly, this hints at a stone pavement in this location, just as described at multiple outcrops in Lieth Moor (e.g., [52,55]).



This study is primarily focused on examining sediments originating from either a single continuous palaeolake or multiple palaeoponds situated within the central basin of the Elmshorn salt diapir. Consequently, we placed particular emphasis on the limnic sedimentary facies, characterised by alternating layers of gyttjas and sands. Throughout the entire survey area, we identified the base of the corresponding GPR facies by using Kingdom Suite software. Figure 7 provides a map illustrating the derived depths of the gyttja layer base beneath the ground surface, measured in metres. It is noteworthy that multiple isolated gyttja deposits are discernible in our observations. Of particular importance is the observation that gyttja is found at significantly greater depths within an elongated, channel-like structure, which follows a northeast–south-oriented quarter-circle path.




4.2. Electromagnetic Induction Measurements


Processed plan views of the EMI results are presented in Figure 8. The (apparent) electrical conductivity values range from 4.3 to 38.3 mS/m, exhibiting an east- and southward increase. Notably, an elongated linear feature and several localised high-conductivity zones are discernible. This conductive linear feature encompasses a region of reduced conductivity. Regarding the inphase data, significant noise is observed, and inphase values do not appear to exhibit a correlation with the local lithology. Noteworthy are the extreme inphase and increased conductivity values (marked by an upright triangle in Figure 8), which are attributed to modern construction waste, as fieldwalkers observed burnt bricks in that area.



To facilitate a comparative analysis with GPR and borehole data, we present vertical sections of the EMI inversion. The upper zone of profile 12 (Figure 9) exhibits low conductivity (<2 mS/m), while the lower part displays high conductivity (>16 mS/m). Given the information from available boreholes, where both layers consist predominantly of fine sands, the conductivity contrast is likely attributed solely to differences in water content. Notably, a transition zone with a conductivity of approximately 9 mS/m closely aligns with a GPR reflector, which together likely indicates the presence of the groundwater table. Additionally, a highly conductive area (~6 mS/m) within the upper part corresponds to the gyttja-filled channel feature detected in the radar data and corings.



The lower part of the section features zones of low conductivity and triggers a discussion of the inversion quality, which is examined in more detail in Figure 10. The provided plots of covariance correlation coefficients use reddish colours to signify a high trade-off between the modelled conductivity values at depth locations denoted on the plot axes. While high coefficients are anticipated on the trace of the matrix, they are not desired elsewhere. At 22.5 m offset, conductivity values at 0 m depth are highly covariant with those at 1.5 m depth and below 5 m. This suggests that conductivity may be even higher in the gyttjas of the upper part and may not decrease in the deeper section of the profile. The pronounced damping seen in the GPR data in this area strongly supports this hypothesis (cf. Figure 5). However, ground truth is lacking as there are no drill samples penetrating the zone beneath the channel feature. At 60 m offset, a similar inversion artefact is observed, although it is less pronounced.



Figure 11 provides a vertical section of the EMI inversion, superimposed on GPR profile 50. Here, the emerging clay-rich Rotliegend ‘red loam’ correlates with notably high conductivity values (>16 mS/m). The presence of gyttja, as derived from the GPR data analysis (cf. Figure 6), is not readily discernible. The high conductivity of the gyttja is overshadowed by the even higher conductivity of the clay marl. Moreover, the gyttja exhibits a significantly reduced thickness in comparison to the channel area (55 cm in BO185 vs. 150 cm in BO179) and is therefore harder to detect. Nonetheless, subtle variations are apparent in the upper section of the profile, and the lowest conductivity values are observed in conjunction with the aeolian dune sands. Similar to profile 12, there are once again zones of low conductivity in the lower segment of the profile, which are considered probable inversion artefacts. Starting from an offset of 50 m, the transition zone, characterised by a conductivity of approximately 9 mS/m, again shows a close correspondence with a GPR reflection, indicating its association with the groundwater table.



In summary, electrical conductivity values range from 1.2 to 28.3 mS/m after inversion. Maximal conductivity values (>16 mS/m) are associated with the emergence of Rotliegend ‘red loam’ close to the ground surface in the northeast of the measured area. The presence of highly conductive gyttja (~9 mS/m) within the elongated channel feature is visible. Generally, conductivity increases with depth, primarily attributed to moisture content.




4.3. Joint Interpretation of Geophysical Measurements and Geological Borehole Data


In the following, we use the collected geophysical data and digitised geological data from legacy boreholes to develop a consistent model conception of the Late Pleistocene landscape in Lieth Moor.



The EMI maps, in conjunction with the GPR results, strongly indicate the presence of a former stream in the central basin of the Elmshorn diapir (marked by a line of rhombi in Figure 12). Over time, this stream must have decelerated due to alterations in the water regime, eventually becoming stagnant or nearly stagnant, which allowed for the formation of gyttjas within the channel. Within the study area, we observe sandy regions characterised by low conductivities, which we interpret as islands or shore area (marked by a square in Figure 12). In the eastern section of the EMI measurement zone, we observe a substantial area with elevated conductivity values (indicated by a downward triangle in Figure 12). This suggests a widespread presence of gyttja, likely deposited in a former, more extensive body of water—potentially a lake. A distinctive signal featuring high conductivity and inphase extrema (marked by an upward triangle in Figure 8 and Figure 12) does not pertain to a potential waterbody but can be attributed to contemporary construction debris. In the northeastern subarea (cf. downward triangle in Figure 12), only GPR data confirmed the presence of gyttja, as also clay-rich material influenced the measured conductivity values here. In EMI maps, we identify two small-scale high-conductivity features (cf. dots in Figure 12) that strongly suggest the presence of small silted ponds or pools. The gyttja base depth map obtained from GPR data (cf. Figure 7) reveals further small-scale gyttja deposits, suggesting the presence of ponds scattered across the entire surveyed area. However, it is plausible that gyttja was solely deposited in the most profound areas, i.e., potentially the former waterbodies were somewhat more expansive in size. For some drill locations, there are reports of very thin gyttja layers, which are too thin to be resolved by the GPR method. This observation may indicate periods of elevated water levels when the small ponds were interconnected and/or suggest a more intricate sedimentation process.



In summary, we imagine the Late Pleistocene landscape in Lieth Moor as scattered with small ponds and pools and crossed by a stream. It is likely that the region experienced periodic, possibly seasonal inundation. Several sandy hilltops must have remained unaffected by flooding events.





5. Discussion


5.1. Methodical Considerations


In assessing the Late Pleistocene landscape of Lieth Moor, we examined the strengths and weaknesses of GPR and EMI, focusing on depth penetration, structural resolution, and gyttja deposit identification.



In terms of depth penetration, GPR generally performed well, reaching depths of up to 5.5 m in well-drained sandy substrates. However, it encountered difficulties in penetrating the Rotliegend ‘red loam’, as exemplified in profile 50 (cf. Figure 6). In regions with poor ground coupling, caused by vegetation or glacial erratic boulders, as well as high moisture or clay content, GPR achieved depths as shallow as 0.5 m. Similarly, ref. [87] reported a generally high GPR penetration of up to 8 m, which was constrained to the contact with clay-rich mineral soil. We also observed localised variations in depth penetration and reflector visibility, presumably attributed to fluctuations in the moisture and clay content within the limnic gyttja sediments. This extremely location-dependent performance aligns with findings in the literature. For example, the authors of [73] achieved 5 m penetration by using 100 MHz equipment in a drained peat bog, while [77] reached only 2 m in a gyttja-filled kettle hole with a 200 MHz antenna. The penetration depth of the EMI method depends on the signal frequency, the transmitter–receiver distance and orientation, and the measurement height above ground. As detailed in Section 3.3, the used CMD Explorer device penetrates approximately 5.7 m into the subsurface, given the measurement height above ground of 1 m. However, inversion artefacts increasingly occur below a circa 4 m depth.



Concerning sediment identification, EMI effectively resolved the interfaces between sand and gyttja or clay in the vadose zone, as well as the boundary between dry and saturated sands. However, it offers a lower depth resolution and encounters challenges in distinguishing gyttjas atop the Rotliegend clay marl. These findings are consistent with the observations of other researchers who have employed EMI for localising former waterbodies. For instance, the authors of [77] successfully delineated the extent of a gyttja-filled kettle hole by using EMI while noting that lateral contrasts in electric conductivity between the former pond’s fill and the surrounding glacial sediments may diminish, especially at shallow depths, due to increased water or clay content in the parent material. References [88,89] effectively utilised EMI to reconstruct the palaeochannel morphology and trace-buried fluvial systems. Combining EMI with Cone Penetration Tests is regarded as the optimal approach for mapping deeply buried prehistoric palaeolandscapes in the polder areas of Belgium by [90]. In a palaeolandscape study focused on the Iron Age, ref. [91] employed EMI and found it capable of distinguishing between sand, gyttja, and dry peat. However, it proved unable to differentiate between types of gyttja, such as lime gyttja, based on their electromagnetic properties. Similarly, in our dataset, the known sequence of different gyttja types within the channel is not discernible.



GPR offers superior depth resolution in comparison to EMI and therefore excelled in discerning between clay-rich Rotliegend material and overlying gyttja deposits. A spectrum analysis revealed a spectral maximum of 140 MHz, indicating a structural resolution of approximately 11 cm for the utilised 200 MHz GPR equipment (cf. resolution considerations in Section 4.1). Within the Lieth Moor study area, four distinct radar facies are evident, corresponding to the Rotliegend ‘red loam’, glacial meltwater/outwash plain sands, aeolian dune sands, and gyttjas. Previous applications of GPR have also successfully delineated the stratigraphy of peatlands. For example, the authors of [87] highlight a precise recording of interfaces between peat, lake sediments (i.e., gyttja), and mineral soil, aiding in estimating the topography of the glaciomarine basement. GPR’s capability to discern interfaces between organic and mineral gyttja and mineral gyttja and glacial sand has been emphasised [73]. Furthermore, GPR has shown proficiency in detecting the peat-to-mineral basement contact [92]. The broadening of reflectors can be attributed to interference from successive GPR reflections at the top and bottom of thin mud layers (i.e., gyttja) [92]. The authors of [93] identify basal clay as a significant GPR reflector, with complex basal reflections indicating gyttja layers above the clay. GPR’s capability of distinguishing between peat, lake sediments (gyttjas and mud), and basal glacial sand deposits has been demonstrated by [76]. In summary, the reviewed literature attests to the effectiveness of GPR as a robust tool for detecting various interfaces within peatland environments. However, it is essential to acknowledge that extensive drainage activities and peat extraction have led to a scarcity of peat remnants in Lieth Moor, which may impact the applicability of these findings.



In addition to the aforementioned aspects, the prospection of areas like Lieth Moor also demands the ability to approach challenging terrains and time-efficiently survey large expanses. In this respect, EMI demonstrated distinct advantages, as it is capable of swiftly providing a comprehensive areal overview and, moreover, can be effectively utilised even in densely vegetated areas. Based on our practical experience, the survey speed is approximately 4.2 hectares per hour, and initial maps can be interpreted after about 30 min of processing. Conversely, the application of GPR is more time intensive, primarily due to the demands of data processing and interpretation, which could take weeks in the case of large datasets. While the measuring speed itself is only insignificantly lower, at approximately 3.6 hectares per hour, GPR measurements were significantly impeded by vegetation in some eastern subareas of the site (see Figure 4) as direct ground coupling is necessary for our equipment.



However, even as we weigh the advantages and disadvantages of both methods, we advocate for their combined application. GPR images sedimentary boundaries and bedding characteristics exclusively. Therefore, the electrical conductivity values derived from EMI measurements proved invaluable in determining the soil type. Without this additional information, or data from drill probing, assigning specific radar signals to soil types would be impractical. Conversely, addressing the inherent ambiguities and numerical uncertainties of the EMI inversion can be achieved by comparing EMI images with GPR data and geological information. The combination of GPR with conductivity information from EMI (or in some cases Electrical Resistivity Tomography: ERT) has demonstrated significant value in subsurface studies. For instance, integrating GPR, EMI, ERT, and Induced Polarisation proved effective in investigating peatland [87], emphasising the complementary nature of these methods alongside GPR data. The combination of EMI and GPR can provide insights into basin stratigraphy and lateral variations in pore water salinity within peatlands [92]. The authors of [76] utilised GPR, ERT, and Shear Wave Seismics, underscoring the synergistic contributions of these methods to detailed stratigraphic understanding. They advocate for an integrated approach, emphasising the importance of utilising methods sensitive to different soil properties.



Given the above considerations, a refined prospecting approach is in order for future investigations. In the future, we will employ EMI as the initial step to identify areas with high conductivity, i.e., potential gyttja deposits. Subsequently, GPR measurements will be conducted as a follow-up measure in a targeted manner, particularly in regions of potential gyttja deposits or concentrations of archaeological surface finds. Lastly, (own) drillings shall be performed to ground truth and calibrate the geophysical data and for palynological analyses. These drillings will be positioned strategically and precisely along EMI and/or GPR profiles, respectively. Instead of a gridded approach, the goal is to sample all key GPR reflectors and radar facies. Furthermore, special attention shall be paid to archaeological-find densities and deep areas within detected former water bodies that potentially serve as valuable archives for long palaeoclimate records.




5.2. Comparison of the New Landscape Model with Previous Models


The core message of our study is that, based on the presented geophysical data, the Late Pleistocene landscape in Lieth Moor should be envisaged as featuring a multitude of small ponds or pools intersected by a stream rather than filled by a large palaeolake. This agrees with the conclusions regarding Lieth Moor’s landscape of the Late Pleistocene by [69], p. 106. Ahrens takes into account the difference in elevation of about 2.5 m between the northern (lower) basin and the southern (upper) basin, assumes that the Federmesser site LA 33 must have been dry land during the Allerød interstadial, and considers the allochthonous pollen and high mineral content in the gyttja samples studied by [65] as indicating a slow current within the waterbody. Therefore, ref. [69] casts doubts on the existence of an expansive palaeolake across the entire basin, favouring instead a rivulet complemented by ponds nestled within small-scale karstic hollows.



Geological investigators of the Lieth Moor area present maps, based mainly on probe rod soundings, with significant variations in the shoreline layout and island localisation. They concur on one aspect, however: there was one large continuous palaeolake filling the entire central subrosional basin of the Elmshorn salt diapir. Some argue that the Palaeolake Esing extended even into the Himmelmoor in the north, while others challenge this thesis (e.g., [57] vs. [45]). Some studies depict an island at the archaeological site Klein Nordende LA 2 [57,60], whereas for other authors, this location appears to have been submerged in the lake (e.g., [45,61]). Similarly, ref. [57] as well as [59] postulate an island at site Klein Nordende LA 24 (see Figure 2), while [61] reconstructs the shoreline there, and [45] maps the location as inundated.



Archaeological investigators, however, paint a different picture (cf. Section 2.3 as well). Out of three archaeological excavations in the area, only Bokelmann’s excavation at LA 37 (cf. Figure 2) [19] delivered results that align with the presence of a large palaeolake in the area. The excavation team encountered a Late Pleistocene shore of a waterbody with gyttjas dated to the Allerød. Ichthyofaunal remains were evaluated, whose large number and in part enormous size and species-inherent ecological demands indicate a large body of clear water featuring a solid mineral bottom [35]. However, the encountered Late Pleistocene shoreline could also pertain to a waterbody that only filled parts of the central basin. Bokelmann ([19], p. 1) himself was also aware of this possibility and the lack of ubiquitous gyttja in the central part of the basin as reported by [66]. The excavation by Ingo Clausen and Annette Guldin (the Archaeological State Office Schleswig-Holstein) in 2013 (shown as the blue rectangle in Figure 2) did not encounter the expected shoreline as reconstructed by [59], which supports the conclusions of [61]. Lastly, and most importantly in the light of our working area, Taute’s work at Klein Nordende LA 2 [66] contradicts a continuous gyttja layer in the central part of the basin. He did provide drilling evidence of a gyttja deposit but considered it to be locally confined based on his results. The island of LA 2 therefore becomes the mainland, and the encountered gyttja deposit is interpreted by [66] as a pond or pool that existed during the Dryas 3.



Like [66], we cannot affirm a ubiquitous gyttja occurrence for the central part of the basin. This contradicts the assumption of a large Palaeolake Esing filling the entire Lieth Moor area in the Late Pleistocene. Still, we do not entirely align with his results, as the pool he reconstructed appears to be part of a stream or rivulet. However, further measurements in the area south of the presented data are necessary to validate this hypothesis. The palaeolandscape reconstruction we present, with numerous small ponds and a stream, also concurs with [69]’s conclusions on Lieth Moor, which were based mainly on a review of the literature available at that time. Furthermore, our data support the notion of gyttja’s absence on the dune at Klein Nordende LA 2, which aligns with the results of [57,60,66]. Since it is located in a pond landscape, this dune must not be considered as an island but rather as part of the mainland. Also at the site Klein Nordende LA 24, we do not find any evidence of gyttja in our data, which agrees with the maps of [57,59,61]. Furthermore, the emergence of Rotliegend “red loam” close to the surface towards the east of the survey area aligns well with the mapping by [57].



In addition to comparing our findings with existing geological maps, we can also directly compare a radar profile image with the excavation results. At the Klein Nordende LA 2 site, the excavation report provides a sedimentary profile drawing of the gyttja deposit ([66], p. 74). In Figure 13, we compare a line drawing of the interfaces of this geological section with the closest GPR depth profile we acquired (profile nr. 8, located at a 3 to 5 m distance to the excavation trench). Overall, the observed GPR signals correspond well to the reported sedimentary boundaries. The level of detail is slightly less, which is expected due to the resolution limitations of the method (cf. Section 4.1). A drop-shaped structure in the upper area is not imaged by the GPR data. However, a perfect match should not be anticipated, as there is a distance of 3 to 5 metres between the drawn and the radar profile (see Figure 12). We speculate that the drop-shaped structure might have a conical shape and therefore lie outside the plane of the radar profile, given its width of approximately 1 m. This comparison illustrates that the GPR data reliably images the alternating layers of sand and different gyttjas. However, additional information from excavations or legacy drillings is needed to assign the reflections to particular geological interfaces



At this juncture, we not only want to discuss the limitations of GPR but also critically examine the quality of the geological legacy data used for comparison. In comparing the distribution maps of gyttja, one major source of uncertainty is that the locations of published drilling data are generally of low precision (10 to 100 m; e.g., [60,61,66]) or even missing completely [45,57,66]. In other cases, only a rough comparison between geological and geophysical maps was possible because the underlying drill profile directories were not published [45,59]. It is also worth noting here that the colour scale of the gyttja thicknesses in the map by [45] begins at 0–40 cm. It is therefore unclear whether gyttja was encountered everywhere in the area shown in blue (cf. Figure 2). It cannot be ruled out that there were actually also boreholes in which no gyttja was found.



Last but not least, there is a fundamental methodological difference between the geological drilling studies and the presented geophysical data. Geological drillings provide point information exclusively. The density of the drill points is therefore a decisive measure for the resolution with which landscape features can be reconstructed. Following the Nyquist–Shannon sampling criterion, features can only be resolved if their size is at least double the drill point density. Regarding the geological studies conducted in the Lieth Moor area, the drill point density and therefore the resolution at which landscape features are mapped varies strongly (see Table 2).



Between the borehole locations, interpolation occurs, and extrapolation is undertaken at the edges if necessary, which can result in substantial errors. This discrepancy is evident in the varying mapping results (see an example in Figure 14). None of the authors provide explicit information regarding the interpolation and extrapolation methodologies, indicating a presumed reliance on heuristic approaches. In contrast, the geophysical data we collected were recorded continuously in areas or profiles. Additionally, thanks to the Stonex SAPOS system used, the localisation accuracy is in the lower centimetre range. For the geological comparison studies, on the other hand, the localisation was conducted by tape measure and step counting. The significant advantage of drilling, however, lies in the unparalleled precision with which even the finest layers and subtle changes can be recorded. Geophysical methods never attain this level of vertical resolution.




5.3. Landscape Development


Our investigation revealed that during the Late Pleistocene to Early Holocene, the Lieth Moor region featured numerous small ponds rather than a singular, continuous lake. Additionally, the findings strongly suggest the presence of a stream or rivulet. Very thin gyttja layers, as reported from legacy drill data, hint at periods of elevated water levels when these small ponds were interconnected. Taute also alluded to the presence of humic sand, possibly signifying a shore terrace or intermittent flooding [66]. Similarly, a rise in lake levels during the Allerød was posited by [19].



However, the landscape development throughout the Late Pleistocene, i.e., the chronology of gyttja sedimentation in different areas of the basin, remains only loosely outlined. The oldest gyttja deposits seem to be situated in the northern part of the central basin. Algal gyttjas were encountered in this area and palynologically dated to the Dryas 1 [65]. Very close, also in the northern part of the basin, the author of [18,37] investigated sediments indicating the presence of a very shallow lake or pond from the late Dryas 1/early Allerød onwards (cf. pink dots in Figure 2). The stratigraphy of the pond indicates repeated periods when the shallow waters froze and thawed or when the waterbody dried up, resulting in sedimentological hiati [18].



In the central part of the basin, which encompasses our study area, the sole available palynological analysis associates the gyttja sediments with the Dryas 3 stadial ([66], p. 75). However, the antler artefacts supposedly originating from the gyttja were C14 dated to the Allerød (early GI-1c3).



In the southwest of the basin, Bokelmann attributed the encountered gyttjas to the Allerød, or more specifically, likely the early Allerød, as indicated by additional humic horizons stacked above them [19]. It is worth noting, however, that Bokelmann himself acknowledged that alternative interpretations of the pollen profile are plausible, given the potential displacement of layers by salt dome movements. Additionally, fish skeletal remains from the excavation were dated to the late Allerød (GI-1c1-1a) [34,35].



In summary, the available pollen analyses of the gyttja sediments suggest a chronological sequence in the development of waterbodies, rather than the presence of a continuously existing lake throughout the Late Pleistocene. Initially, a waterbody formed in the northern subbasin during the Dryas 1/early Allerød. In Northern Central Europe, the development of organogenic sediments began in many lacustrine archives around this period [94,95,96]. The southern subbasin was inundated during the late Allerød. Considering a potential hiatus between the latest Allerød and the onset of the Dryas 3 [18], this higher water level can be regarded as similar to the high lake levels before the significant lowering of the water level at the Allerød-Dryas 3 transition seen elsewhere in Northern Central Europe such as in Sandy Flanders or the Swiss Plateau, French Jura, and Pre-Alps [95,96]. Finally, the central part of the basin, which still exhibits elevated areas today, was partially submerged and/or traversed by gullies in the Dryas 3. Other lake environments in Central Europe reveal a lowering of lake levels during the Dryas 3 with another rise in the water table during the middle of that period [95,96]. Hence, it is important to note that palynological data are only available at isolated, widely dispersed sites within the extensive Lieth Moor area. In stark contrast, the geology in Lieth Moor displays significant variability even within small subareas. To substantiate this hypothesis on the temporal sequence of inundation and sedimentation, a comprehensive drilling campaign coupled with palynological analyses and, given the occasionally poor quality of palynological samples, radiocarbon dating would be imperative.




5.4. Archaeological Implications of the New Landscape Model


Regarding the inquiry into why Late Pleistocene hunter–gatherers preferred Lieth Moor, the absence of the previously postulated palaeolake fundamentally recontextualises known finds. The absence of a continuous, large waterbody precludes the existence of a ford or bottleneck scenario, where hunters could strategically position themselves for incoming herds of reindeer. Many of the sandy elevations previously interpreted as islands in the literature have turned out to be part of the mainland in the course of our investigations. In one instance, a small island was identified within the geophysical data. Nevertheless, these sandy elevations served as appealing settlement sites, offering dry and stable ground for a campsite. Finds at sites Klein Nordende LA 2 and LA 24 evidence that Late Pleistocene hunter–gatherers at least briefly visited these high-ground locations.



After all, the revised landscape remains an inviting one. The prevalence of the salt-intolerant algal genus Pediastrum within the gyttja deposits [19,65] confirms potable water without evidence of salt dome leaching. Furthermore, reports of sizeable fish from the southwest of the basin imply a substantial food resource, indicating clear water and a solid mineral bottom during the Allerød interstadial [35]. Additionally, three specimens of pike were encountered in the gyttja deposit at LA 2, which is attributed to the Dryas 3 ([66], p. 74). Water served a multifaceted role for the Late Pleistocene population beyond drinking or fishing. The internationally renowned finds from the Ahrensburg tunnel valley also highlight the potential significance of waterbodies for meat storage or as secure discard zones [97,98,99,100]. In sandy Flanders, the importance of water availability is probably reflected in a shift in the settlement intensity from lake to river banks during Dryas 3 as a possible result of significant water table lowering [101].



Moreover, in this relatively flat landscape, the elevated dunes would serve as a protective barrier against westerly winds [102,103], creating an environment where people feel secure. Potentially, more bushes and trees could thrive here during the harsh conditions of the Dryas 3 stadial. Consequently, there may have been particularly abundant deposits of the scarce resource wood in Lieth Moor, suitable for use as firewood, construction material for dwellings, and the crafting of tools. Additionally, tree-covered habitats offer a completely different faunal resource than open tundra landscapes and are preferred, for example, by elk that had been attested by several individuals at Klein Nordende LA 37 [19]. In the growing woodlands and light forests of the Allerød, ponds and possibly swampy areas offered open areas and a vegetation that could still attract reindeer [104]. Hence, the Lieth Moor area likely represented a small mosaic landscape in which the subsistence could be diversified.



The proximity to the Elbe Palaeovalley (EPV; cf. Figure 1) likely played a pivotal role in choosing Lieth Moor as a campsite. From the higher grounds of the Lieth Moor area, a good view into this large river plain was possible, but the observers were still outside the wet EPV lowlands and potential swarms of midges.



Based on ethnoarchaeological studies [8] and regional investigations of numerous prehistoric settlement remains [11,105], human groups would have established camps at vantage points offering additional resources during periods of waiting. However, vantage points are typically occupied only briefly due to their exposed nature. More frequently, sheltered locations near a freshwater source are favoured. These criteria align remarkably well with the dune ridge adjacent to the west, as well as Lieth Moor itself. Considering the previously discussed resources in Lieth Moor, it is unsurprising that hunters were inclined to seek repose there while waiting for their prey. For instance, Late Pleistocene reindeer herds predominantly traversed the region in an east–west pattern, probably wintering in the east and migrating along the large river systems and glacial meltwater valleys to the summer pastures in the west [106,107].



Undoubtedly, the prehistoric river Elbe would have constituted a critical migration route throughout the period in question and not just for reindeer. According to [108], river systems form important guidelines of mobility, whether as barriers or as bridges, in the European Upper Palaeolithic. The EPV was one of the two major river systems in Northwestern Europe that probably guided human expansion into the North [109]. It represented a stable orientation in an area poor in significant landmarks (perhaps the red sandstone massif of Heligoland or the gypsum/anhydrite rock formation of Bad Segeberg) and in the still-changing landscape of the Late Pleistocene. So, while the EPV represented an important migration route also for human groups, the Lieth Moor area offered itself as the more liveable resting place.



In conclusion, it is evident that our comprehension of the Late Pleistocene landscape in Lieth Moor has undergone significant revisions and refinements as a result of the largely noninvasive archaeogeophysical study presented here. Still, numerous questions persist, offering avenues for future research in this domain.





6. Conclusions


This study centres on reconstructing the Late Pleistocene landscape within the case study area of Lieth Moor, with a specific emphasis on its waterbodies and their correlation with archaeological finds left by Late Palaeolithic hunter–gatherers. Archaeogeophysical techniques, namely GPR and EMI, were applied in conjunction with legacy drill-probing data. Based on the acquired geophysical data, it is deduced that during the Late Pleistocene to Early Holocene ages, the Lieth Moor region featured numerous small ponds rather than a singular, continuous lake. Additionally, the findings strongly suggest the presence of a stream or rivulet. The presence of very thin gyttja layers, as reported from legacy drill data, hints at periods of elevated water levels when these small ponds were potentially interconnected. As a consequence, the results reshape our understanding of why Late Pleistocene hunter–gatherers favoured Lieth Moor. The absence of the previously postulated large palaeolake, filling the entire basin, fundamentally alters our contextual understanding of reported archaeological sites: we assume that the nearby Elbe Palaeovalley played a key role in the repeated habitation of Lieth Moor. The area was rich in fresh water and fish, and the dune ridge located to the west could serve as a vantage point and sheltered the location from westerly winds. Therefore, Lieth Moor was an ideal place for resting when migrating along major rivers like the Elbe.



As some unanswered questions remain, there is rich potential for further research in this study area: in the future, we plan to acquire additional data south of our study area. This will serve to test the hypothesis regarding the existence of a stream and the continuity of gyttja deposits within the observed channel feature. For this forthcoming measurement campaign, we will implement a refined prospection approach. EMI will be employed as the initial step, identifying areas with high conductivity and potential gyttja deposits. Subsequently, GPR measurements will be conducted in a targeted manner, focusing on regions exhibiting increased conductivity values or concentrations of archaeological surface finds. Furthermore, we propose conducting additional drillings in areas of particular interest, especially where gyttja thickness is increased, to facilitate state-of-the-art palynological and macrofossil analyses. This will provide robust substantiation for testing our hypothesis regarding the high-precision temporal sequence of inundation and sedimentation, which currently relies on a limited number of pollen-sampling locations.







Author Contributions


Conceptualization, S.D., S.B.G. and T.W.; methodology, S.D. and T.W.; software, S.D., D.W. and T.W.; validation, S.D., D.W. and T.W.; formal analysis, S.D.; investigation, S.D., S.B.G., A.O. and T.W.; data curation, S.D.; writing—original draft preparation, S.D., A.O. and D.W.; writing—review and editing, S.B.G., T.W., W.R. and B.V.E.; visualization, S.D.; supervision, B.V.E.; project administration, S.D. and S.B.G.; funding acquisition, D.W., T.W., W.R. and B.V.E. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), grant number 290391021 (SFB 1266).




Data Availability Statement


Data are available upon request from the corresponding author.




Acknowledgments


We would like to thank all the landowners and tenants as well as the helpers who made the geophysical measurements and archaeological field survey possible. Furthermore, we acknowledge Jill Sammet and Kristina Hüntemeyer, who supported the data processing and drill-probing-data digitalisation. We thank the AXIO-NET PED-Service for providing their RTK correction data. Furthermore, we thank IHS for providing Kiel University Kingdom Suite licences at no cost through their Educational Grant Program. The Museum for Archaeology, Schleswig, in particular Mara-Julia Weber, kindly made the lithic material from the Taute excavation available for review. The industrial museum in Elmshorn appreciably allowed us to sample the reindeer antler material. We are also grateful to the ALSH, Schleswig, and the LfU, Flintbek, that provided the archaeological and the geological data, respectively. We much appreciate the discussions with Sascha Krüger about the palaeoenvironmental development in the Lieth Moor area and Ulrich Schmölcke about reindeer habitats. Finally, Ingo Clausen generously shared his knowledge and experience in this area with us.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


The following abbreviations are used in this manuscript:







	EPV
	Elbe Palaeovalley



	LA
	Landesaufnahme; register of prehistoric and historic artefacts and archaeological



	
	sites and monuments of Schleswig-Holstein



	EMI
	Electromagnetic Induction



	ERT
	Electrical Resistivity Tomography



	GPR
	Ground-Penetrating Radar



	HCP
	Horizontal coplanar









References


	



Richerson, P.J.; Boyd, R.; Bettinger, R.L. Was Agriculture Impossible during the Pleistocene but Mandatory during the Holocene? A Climate Change Hypothesis. Am. Antiq. 2001, 66, 387–411. [Google Scholar] [CrossRef]

	



Walker, M.; Johnsen, S.; Rasmussen, S.O.; Popp, T.; Steffensen, J.P.; Gibbard, P.; Hoek, W.; Lowe, J.; Andrews, J.; Björck, S.; et al. Formal definition and dating of the GSSP (Global Stratotype Section and Point) for the base of the Holocene using the Greenland NGRIP ice core, and selected auxiliary records. J. Quat. Sci. 2009, 24, 3–17. [Google Scholar] [CrossRef]

	



Rasmussen, S.O.; Bigler, M.; Blockley, S.P.; Blunier, T.; Buchardt, S.L.; Clausen, H.B.; Cvijanovic, I.; Dahl-Jensen, D.; Johnsen, S.J.; Fischer, H.; et al. A stratigraphic framework for abrupt climatic changes during the Last Glacial period based on three synchronized Greenland ice-core records: Refining and extending the INTIMATE event stratigraphy. Quat. Sci. Rev. 2014, 106, 14–28. [Google Scholar] [CrossRef]

	



Dearing, J.A. Climate-human-environment interactions: Resolving our past. Clim. Past 2006, 2, 187–203. [Google Scholar] [CrossRef]

	



Bates, M.R.; Wenban-Smith, F.F. Palaeolithic Geoarchaeology: Palaeolandscape Modelling and Scales of Investigation. Landscapes 2013, 12, 69–96. [Google Scholar] [CrossRef]

	



Mortensen, M.F.; Henriksen, P.S.; Bennike, O. Living on the good soil: Relationships between soils, vegetation and human settlement during the late Allerød period in Denmark. Veg. Hist. Archaeobotany 2014, 23, 195–205. [Google Scholar] [CrossRef]

	



Carson, M.T. (Ed.) Palaeolandscapes in Archaeology: Lessons for the Past and Future, 1st ed.; Routledge: London, UK, 2021. [Google Scholar]

	



Kelly, R.L. Hunter-Gatherer Mobility Strategies. J. Anthropol. Res. 1983, 39, 277–306. [Google Scholar] [CrossRef]

	



Grove, M. Hunter-Gatherer Settlement and Mobility. In Encyclopedia of Global Archaeology; Smith, C., Ed.; Springer International Publishing: Cham, Switzerland, 2020; pp. 5389–5399. [Google Scholar] [CrossRef]

	



Sobkowiak Tabaka, I.; Diachenko, A. Approaching Late Paleolithic Seasonal Mobility on the North European Plain. In Quantifying Stone Age Mobility; Sobkowiak-Tabaka, I., Diachenko, A., Wiśniewski, A., Eds.; Quantitative Archaeology and Archaeological Modelling; Springer: Cham, Switzerland, 2022; pp. 97–128. [Google Scholar] [CrossRef]

	



Eriksen, B.V. Patterns of Ethnogeographic Variability in Late Pleistocene Northwestern Europe. In Regional Approaches to Adaptation in Late Pleistocene Western Europe; Larsen Peterkin, G., Price, H.A., Eds.; BAR International Series; British Archaeological Reports: Oxford, UK, 2000; pp. 147–168. [Google Scholar]

	



Weber, M.J.; Grimm, S.B.; Baales, M. Between warm and cold: Impact of the Younger Dryas on human behavior in Central Europe. Quat. Int. 2011, 242, 277–301. [Google Scholar] [CrossRef]

	



Hamer, W.B.; Knitter, D.; Grimm, S.B.; Serbe, B.; Eriksen, B.V.; Nakoinz, O.; Duttmann, R. Location Modeling of Final Palaeolithic Sites in Northern Germany. Geosciences 2019, 9, 430. [Google Scholar] [CrossRef]

	



Noe-Nygaard, N. Taphonomy in Archaeology: With Special Emphasis on Man as a Biasing Factor. J. Dan. Archaeol. 1987, 6, 7–62. [Google Scholar] [CrossRef]

	



van de Noort, R. The Archaeology of Wetland Landscapes: Method and Theory at the Beginning of the 21st Century. In Handbook of Landscape Archaeology; David, B., Thomas, J., Eds.; Routledge: London, UK; New York, NY, USA, 2016; pp. 482–489. [Google Scholar] [CrossRef]

	



Chauhan, P.R.; Bridgland, D.R.; Moncel, M.H.; Antoine, P.; Bahain, J.J.; Briant, R.; Cunha, P.P.; Despriée, J.; Limondin-Lozouet, N.; Locht, J.L.; et al. Fluvial deposits as an archive of early human activity: Progress during the 20 years of the Fluvial Archives Group. Quat. Sci. Rev. 2017, 166, 114–149. [Google Scholar] [CrossRef]

	



Stegmann, H.; Succow, M.; Zeitz, J. Muddearten. In Landschaftsökologische Moorkunde; Succow, M., Joosten, H., Eds.; Schweizerbart: Stuttgart, Germany, 2001; pp. 62–65. [Google Scholar]

	



Usinger, H. Ein weit verbreiteter Hiatus in spätglazialen Seesedimenten: Mögliche Ursache für Fehlinterpretation von Pollendiagrammen und Hinweis auf klimatisch verursachte Seespiegelbewegungen. Eiszeitalt. Ggw. Quat. Sci. J. 1981, 31, 91–107. [Google Scholar] [CrossRef]

	



Bokelmann, K.; Heinrich, D.; Menke, B. Fundplätze der Spätglazials am Hainholz-Esinger Moor, Kreis Pinneberg. Offa 1983, 40, 199–231. [Google Scholar]

	



Krüger, S.; Mortensen, M.F.; Dörfler, W. Sequence completed—Palynological investigations on Lateglacial/Early Holocene environmental changes recorded in sequentially laminated lacustrine sediments of the Nahe palaeolake in Schleswig-Holstein, Germany. Rev. Palaeobot. Palynol. 2020, 280, 104271. [Google Scholar] [CrossRef]

	



Krüger, S. Of birches, smoke and reindeer dung—Tracing human-environmental interactions palynologically in sediments from the Nahe palaeolake. J. Archaeol. Sci. Rep. 2020, 32, 102370. [Google Scholar] [CrossRef]

	



Björck, S. A review of the history of the Baltic Sea, 13.0–8.0 ka BP. Quat. Int. 1995, 27, 19–40. [Google Scholar] [CrossRef]

	



Weaver, A.J.; Saenko, O.A.; Clark, P.U.; Mitrovica, J.X. Meltwater Pulse 1A from Antarctica as a Trigger of the Bølling-Allerød Warm Interval. Science 2003, 299, 1709–1713. [Google Scholar] [CrossRef]

	



Brooks, A.J.; Bradley, S.L.; Edwards, R.J.; Goodwyn, N. The palaeogeography of Northwest Europe during the last 20,000 years. J. Maps 2011, 7, 573–587. [Google Scholar] [CrossRef]

	



Vassiljev, J.; Saarse, L. Timing of the Baltic Ice Lake in the eastern Baltic. Bull. Geol. Soc. Finl. 2013, 85, 9–18. [Google Scholar] [CrossRef]

	



Stroeven, A.P.; Hättestrand, C.; Kleman, J.; Heyman, J.; Fabel, D.; Fredin, O.; Goodfellow, B.W.; Harbor, J.M.; Jansen, J.D.; Olsen, L.; et al. Deglaciation of Fennoscandia. Quat. Sci. Rev. 2016, 147, 91–121. [Google Scholar] [CrossRef]

	



Patton, H.; Hubbard, A.; Andreassen, K.; Auriac, A.; Whitehouse, P.L.; Stroeven, A.P.; Shackleton, C.; Winsborrow, M.; Heyman, J.; Hall, A.M. Deglaciation of the Eurasian ice sheet complex. Quat. Sci. Rev. 2017, 169, 148–172. [Google Scholar] [CrossRef]

	



Bridgland, D.R. Quaternary of the Thames; Geological Conservation Review Series; Chamman and Hall: London, UK, 1994; Volume 7. [Google Scholar]

	



Lemke, W.; Jensen, J.B.; Bennike, O.; Endler, R.; Witkowski, A.; Kuipers, A. Spät- und postglaziale Flüsse und Seen in der heutigen westlichen Ostsee. Greifswald. Geogr. Arb. 2002, 26, 73–77. [Google Scholar]

	



Antoine, P.; Coutard, J.P.; Gibbard, P.; Hallegouet, B.; Lautridou, J.P.; Ozouf, J.C. The Pleistocene rivers of the English Channel region. J. Quat. Sci. 2003, 18, 227–243. [Google Scholar] [CrossRef]

	



Busschers, F.S.; Kasse, C.; van Balen, R.T.; Vandenberghe, J.; Cohen, K.M.; Weerts, H.; Wallinga, J.; Johns, C.; Cleveringa, P.; Bunnik, F. Late Pleistocene evolution of the Rhine-Meuse system in the southern North Sea basin: Imprints of climate change, sea-level oscillation and glacio-isostacy. Quat. Sci. Rev. 2007, 26, 3216–3248. [Google Scholar] [CrossRef]

	



Grimm, S.B. Resilience and Re-Organisation of Social Systems during the Weichselian Lateglacial in Northwest-Europe: An Evaluation of the Archaeological, Climatic, and Environmental Records; Monographien des Römisch-Germanischen Zentralmuseum; Schnell & Steiner: Mainz, Germany, 2019; Volume 128. [Google Scholar]

	



Bratlund, B. Hunting strategies in the Late Glacial of northern Europe: A survey of the faunal evidence. J. World Prehistory 1996, 10, 1–48. [Google Scholar] [CrossRef]

	



Riede, F.; Grimm, S.B.; Weber, M.J.; Fahlke, J.M. Neue Daten für alte Grabungen: Ein Beitrag zur spätglazialen Archäologie und Faunengeschichte Norddeutschlands. Archäol. Korresp. 2010, 40, 297–316. [Google Scholar]

	



Heinrich, D. Beiträge zur Geschichte der Fischfauna in Schleswig-Holstein: Allerödzeitliche Fischreste von Klein Nordende, Kreis Pinneberg. Zool. Anz. 1981, 207, 181–200. [Google Scholar]

	



Grimm, S.B.; Eriksen, B.V.; Krüger, S.; Reuter, T.; Wild, M.; Weber, M.J. Late Glacial Occupation of Northern Germany and Adjacent Areas: Revisiting the Archives. In The Beef behind All Possible Pasts; Gaudzinski-Windheuser, S., Jöris, O., Eds.; Monographien des Römisch-Germanischen Zentralmuseum; Propylaeum: Heidelberg, Germany, 2021; pp. 433–457. [Google Scholar]

	



Usinger, H. Zur spät- und frühen postglazialen Vegetationsgeschichte der Schleswig-Holsteinischen Geest nach einem Pollen- und Pollendichtediagramm aus dem Esinger Moor. Pollen Spores 1981, 23, 389–426. [Google Scholar]

	



Dreibrodt, S.; Krüger, S.; Weber, J.; Feeser, I. Limnological response to the Laacher See eruption (LSE) in an annually laminated Allerød sediment sequence from the Nahe palaeolake, northern Germany. Boreas 2021, 50, 167–183. [Google Scholar] [CrossRef]

	



Usinger, H. Vegetation and climate of the lowlands of northern Central Europe and adjacent areas around the Younger Dryas—Preboreal transition—With special emphasis on the Preboreal oscillation. In Hunters in a Changing World; Terberger, T., Eriksen, B.V., Eds.; Workshop of the UISPP-Commission XXXII at Greifswald in September 2002; Verlag Marie Leidorf: Rahden, Germany, 2004. [Google Scholar]

	



Drucker, D.G.; Rosendahl, W.; van Neer, W.; Weber, M.J.; Görner, I.; Bocherens, H. Environment and subsistence in north-western Europe during the Younger Dryas: An isotopic study of the human of Rhünda (Germany). J. Archaeol. Sci. Rep. 2016, 6, 690–699. [Google Scholar] [CrossRef]

	



Wild, M.; Weber, M.J. Ein schräger Typ: Eine Geweihspitze aus Lasbek und ihr Verhältnis zum europäischen Jung- und Spätpaläolithikum. In Interaction without Borders: Festschrift für Claus von Carnap-Bornheim zum 60. Geburtstag; Eriksen, B.V., Abegg-Wigg, A., Bleile, R., Ickerodt, U., Eds.; Stiftung Schleswig-Holsteinische Landesmuseen Schloss Gottorf: Schleswig, Germany, 2017; pp. 23–34. [Google Scholar]

	



Bratlund, B. A revision of the rarer species from the Ahrensburgian assemblage of Stellmoor. In The Holocene History of the European Vertebrate Fauna; Benecke, N., Ed.; Verlag Marie Leidorf: Rahden, Germany, 1999; pp. 39–42. [Google Scholar]

	



Grimm, S.B.; Groß, D.; Gerken, K.; Weber, M.J. On the onset of the Early Mesolithic on the North German Plain. In From the Early Preboreal to the Subboreal Period—Current Mesolithic Research in Europe. Studies in Honour of Bernhard Gramsch; Zander, A., Gehlen, B., Eds.; Edition Mesolithikum/Édition Mésolithique/Mesolithic Edition; Welt und Erde Verlag: Kerpen, Germany, 2020. [Google Scholar]

	



Grube, F. Das Oberflächenbild der Salzstöcke Elsmhorn, Lägerdorf (Holstein) und Stade (Niedersachsen). Mitteilungen aus dem Geologischen Staatsinstitut in Hamburg 1957, 26, 5–22. [Google Scholar]

	



Grube, F. Geologie des Deckgebirges der Salzstruktur Elmshorn (Schleswig-Holstein): Dissertation; Geologisch-Paläontologisches Institut und Museum: Kiel, Germany, 1997. [Google Scholar]

	



Meyn, L. Das Kalk und Thonlager zu Lieth bei Elmshorn. Mittheilungen des Vereins Nördlich der Elbe zur Verbreitung Naturwissenschaftlicher Kenntnisse 1857, 1, 22–25. [Google Scholar]

	



Siemer, E.; Zachradnik, A.; Zerr, M. Geologische Kartierung der Nördlichen Randzone des Salzstockes Elmshorn. Diplomarbeit Teil 1. Diploma Thesis, Universität Hamburg, Hamburg, Germany, 1997. [Google Scholar]

	



Becker, H. Geologische Kartierung eines Dolinenfeldes bei Elmshorn/Seeth-Eckholt. Diplomarbeit (Teil 1). Diploma Thesis, Christian-Albrechts-Universität zu Kiel, Kiel, Germany, September 1988. [Google Scholar]

	



Klöbe, W. Untersuchungen zur Genese von Hohlformen auf dem nördlichen Rand des doppelsalinaren Salzdiapirs Elmshorn. Diplomarbeit Teil A. Diploma Thesis, Christian-Albrechts-Universität zu Kiel, Kiel, Germany, 1989. [Google Scholar]

	



Grube, F.; Rickert, B.H. Karstification on the Elmshorn salt diapir (SW Schleswig-Holstein, Germany). Zeitschrift der Deutschen Gesellschaft für Geowissenschaften 2019, 169, 547–566. [Google Scholar] [CrossRef]

	



Ehlers, J.; Eissmann, L.; Lippstreu, L.; Stephan, H.J.; Wansa, S. Pleistocene glaciations of North Germany. In Quaternary Glaciations Extent and Chronology; Ehlers, J., Gibbard, P.L., Eds.; Developments in Quaternary Sciences; Elsevier: Amsterdam, The Netherlands, 2004; Volume 2, pp. 135–146. [Google Scholar] [CrossRef]

	



Dücker, A. Der erdgeschichtliche Werdegang unserer Heimat. In Die Geschichte der Stadt Elmshorn; Struve, K.W., Ed.; Selbstverlag des Heimatbundes Elveshörn: Elmshorn, Germany, 1938; pp. 1–18. [Google Scholar]

	



Kolumbe, E.; Beyle, M. Dünensande und Torfe im Westteil des Esinger-Moores (Holstein). Abhandlungen des Naturwissenschaftlichen Vereins zu Bremen 1942, 32, 91–114. [Google Scholar]

	



Dücker, A.; Maarleveld, G.C. Hoch-und spätglaziale äolische Sande in Nordwestdeutschland und in den Niederlanden. Geol. Jahrb. 1957, 73, 215–234. [Google Scholar]

	



Menke, B. Vegetationsgeschichte und Florenstratigraphie Nordwestdeutschlands im Pliozän und Frühquartär: Mit einem Beitrag zur Biostratigraphie des Weichselfrühglazials; Geologisches, J., Reihe, A., Eds.; Schweizerbart: Stuttgart, Germany, 1975; Volume 26. [Google Scholar]

	



Menke, B. Ergebnisse der Pollenanalyse zur Pleistozän-Stratigraphie und zur Pliozän-Pleistozän-Grenze in Schleswig-Holstein. Eiszeitalt. Ggw. 1970, 21, 5–21. [Google Scholar] [CrossRef]

	



Grube, F. Tektonik und Oberflächenbild des Salzstockes Elmshorn. Diploma Thesis, Universität Hamburg, Hamburg, Germany, 1953. [Google Scholar]

	



Struve, K.W. Vorgeschichtliche Funde aus Elmshorn und seiner näheren Umgebung. In Die Geschichte der Stadt Elmshorn; Struve, K.W., Ed.; Selbstverlag des Heimatbundes Elveshörn: Elmshorn, Germany, 1938; pp. 19–41. [Google Scholar]

	



Schlüter, G.; Vollmer, T. Der spätglaziale See über dem Salzstock Elsmhorn (Schleswig-Holstein). Meyniana—Veröffentlichungen aus dem Institut für Geowissenschaften der Universität Kiel 1987, 39, 111–117. [Google Scholar]

	



Bocian, O.; Diedrigkeit, K. Quartärkartierung Liether Moor. Diplomarbeit Teil 1. Diploma Thesis, Universität Hamburg, Hamburg, Germany, 1989. [Google Scholar]

	



Günther, K. Geologische Spezialkartierung des Salzstockes Elmshorn. Diplomarbeit Teil 1. Diploma Thesis, Christian-Albrechts-Universität zu Kiel, Kiel, Germany, 1994. [Google Scholar]

	



Schlüter, G. Karte der Holozänmächtigkeit, Blatt 2323: Manuscript map.

	



Schlüter, G. Beitrag zu Geologischen Übersichtskarte 1:200.000, Blatt 2324 (1:25.000): Manuscript map.

	



Krönke, H.S. Quartaergeologische Kartierung im Randbereich des Salzstockes Elmshorn: (TK 25 Blatt 2224 Barmstedt). Diplomarbeit (Teil 1). Diploma Thesis, Christian-Albrechts-Universität zu Kiel, Kiel, Germany, 1994. [Google Scholar]

	



Hallik, R.; Grube, F. Spät- und Postglaziale Gyttja im Altmoränengebiet bei Elmshorn. Neues Jahrbuch für Geologie und Paläontologie 1954, 7, 315–322. [Google Scholar]

	



Taute, W. Die Stielspitzen-Gruppen im Nördlichen Mitteleuropa: Ein Beitrag zur Kenntnis der Späten Altsteinzeit; Bühlau Verlag: Köln, Germany; Graz, Austria, 1968. [Google Scholar]

	



Barmstedt, Topographic Map 1:25000 (TK25), Sheet 2224 (Formerly 835), Königlich Preußische Landesaufnahme, via the State Office for Surveying and Geoinformation Schleswig-Holstein. 1878. Available online: https://opendata.schleswig-holstein.de/dataset/tk25-blatt-2224-barmstedt (accessed on 1 May 2017).

	



Schwabedissen, H. Die Mittlere Steinzeit im Westlichen Norddeutschland: Unter Besonderer Berücksichtigung der Feuersteinwerkzeuge; Karl Wachholtz Verlag: Neumünster, Germany, 1944. [Google Scholar]

	



Ahrens, C. Vorgeschichte des Kreises Pinneberg und der Insel Helgoland; Die vor-u. frühgeschichtlichen Denkmäler u. Funde in Schleswig-Holstein; Karl Wachholtz Verlag: Neumünster, Germany, 1966; Volume 7. [Google Scholar]

	



Fischer, A.; Mortensen, M.F.; Henriksen, P.S.; Mathiassen, D.R.; Olsen, J. Dating the Trollesgave site and the Bromme culture—Chronological fix-points for the Lateglacial settlement of Southern Scandinavia. J. Archaeol. Sci. 2013, 40, 4663–4674. [Google Scholar] [CrossRef]

	



Clausen, I. Auf den Spuren von Alfred Rust und seinen Rentierjägern: Aktuelle Untersuchungen am Stellmoorhügel bei Ahrensburg, Kreis Stormarn. Archäologische Nachrichten Aus-Schleswig-Holst. 2010, 16, 15–19. [Google Scholar]

	



Wild, M. 18 km northwards: Zooarchaeological and Technological Analysis of the Ahrensburgian Assemblage from Nahe LA 11 at Lake Itzstedt (Kr. Segeberg/D). Archäol. Korresp. 2017, 47, 441–460. [Google Scholar]

	



Walter, J.; Hamann, G.; Lück, E.; Klingenfuss, C.; Zeitz, J. Stratigraphy and soil properties of fens: Geophysical case studies from northeastern Germany. CATENA 2016, 142, 112–125. [Google Scholar] [CrossRef]

	



Meier-Uhlher, R.; Schulz, C.; Luthardt, V. Steckbriefe Moorsubstrate, 2nd ed.; Hochschule für nachhaltige Entwicklung (FH) Eberswalde: Berlin, Germany, 2015. [Google Scholar]

	



Walter, J.; Lück, E.; Heller, C.; Bauriegel, A.; Zeitz, J. Relationship between electrical conductivity and water content of peat and gyttja: Implications for electrical surveys of drained peatlands. Surf. Geophys. 2019, 17, 169–179. [Google Scholar] [CrossRef]

	



Corradini, E.; Wilken, D.; Zanon, M.; Groß, D.; Lübke, H.; Panning, D.; Dörfler, W.; Rusch, K.; Mecking, R.; Erkul, E.; et al. Reconstructing the palaeoenvironment at the early Mesolithic site of Lake Duvensee: Ground-penetrating radar and geoarchaeology for 3D facies mapping. Holocene 2020, 30, 820–833. [Google Scholar] [CrossRef]

	



Corradini, E.; Eriksen, B.V.; Mortensen, M.F.; Nielsen, M.K.; Thorwart, M.; Krüger, S.; Wilken, D.; Pickartz, N.; Panning, D.; Rabbel, W. Investigating lake sediments and peat deposits with geophysical methods—A case study from a kettle hole at the Late Palaeolithic site of Tyrsted, Denmark. Quat. Int. 2020, 558, 89–106. [Google Scholar] [CrossRef]

	



Comas, X.; Slater, L.; Reeve, A.S. Pool patterning in a northern peatland: Geophysical evidence for the role of postglacial landforms. J. Hydrol. 2011, 399, 173–184. [Google Scholar] [CrossRef]

	



Corradini, E.; Dreibrodt, S.; Erkul, E.; Groß, D.; Lübke, H.; Panning, D.; Pickartz, N.; Thorwart, M.; Vött, A.; Willershäuser, T.; et al. Understanding Wetlands Stratigraphy: Geophysics and Soil Parameters for Investigating Ancient Basin Development at Lake Duvensee. Geosciences 2020, 10, 314. [Google Scholar] [CrossRef]

	



Annan, A.P. Electromagnetic Principles of Ground Penetrating Radar. In Ground Penetrating Radar Theory and Applications; Jol, H.M., Ed.; Elsevier Science: Amsterdam, The Netherlands; Boston, MA, USA, 2009; pp. 3–40. [Google Scholar]

	



Conyers, L.B. Ground-penetrating radar for geoarchaeology. In New Analytical Methods in Earth and Environmental Science; Wiley Blackwell: Chichester, UK, 2016; Chapter 2; pp. 12–33. [Google Scholar]

	



Wunderlich, T. MultichannelGPR—A New MATLAB-Tool for the Processing of GPR Data. ArchéoSciences 2021, 45, 279–283. [Google Scholar] [CrossRef]

	



Keller, G.V.; Frischknecht, F.C. Electrical Methods in Geophysical Prospecting; Pergamon: Oxford, UK, 1966; Chapter 6; pp. 279–427. [Google Scholar]

	



Kearey, P.; Brooks, M.; Hill, I. An Introduction to Geophysical Exploration, 3rd ed.; Blackwell Publishing: Malden, MA, USA, 2002; Chapter 9; pp. 208–230. [Google Scholar]

	



Wilken, D.; Mercker, M.; Fischer, P.; Vött, A.; Erkul, E.; Corradini, E.; Pickartz, N. Artificial Bee Colony Algorithm with adaptive parameter space dimension: A Promising Tool for Geophysical (EMI) Inversion. Remote Sens. 2024, 16, 470. [Google Scholar] [CrossRef]

	



Hanssens, D.; Delefortrie, S.; de Pue, J.; van Meirvenne, M.; De Smedt, P. Frequency-Domain Electromagnetic Forward and Sensitivity Modeling: Practical Aspects of Modeling a Magnetic Dipole in a Multilayered Half-Space. IEEE Geosci. Remote Sens. Mag. 2019, 7, 74–85. [Google Scholar] [CrossRef]

	



Slater, L.D.; Reeve, A. Investigating peatland stratigraphy and hydrogeology using integrated electrical geophysics. Geophysics 2002, 67, 365–378. [Google Scholar] [CrossRef]

	



De Smedt, P.; van Meirvenne, M.; Meerschman, E.; Saey, T.; Bats, M.; Court-Picon, M.; De Reu, J.; Zwertvaegher, A.; Antrop, M.; Bourgeois, J.; et al. Reconstructing palaeochannel morphology with a mobile multicoil electromagnetic induction sensor. Geomorphology 2011, 130, 136–141. [Google Scholar] [CrossRef]

	



De Smedt, P.; van Meirvenne, M.; Davies, N.S.; Bats, M.; Saey, T.; De Reu, J.; Meerschman, E.; Gelorini, V.; Zwertvaegher, A.; Antrop, M.; et al. A multidisciplinary approach to reconstructing Late Glacial and Early Holocene landscapes. J. Archaeol. Sci. 2013, 40, 1260–1267. [Google Scholar] [CrossRef]

	



Verhegge, J.; Missiaen, T.; Crombé, P. Exploring Integrated Geophysics and Geotechnics as a Paleolandscape Reconstruction Tool: Archaeological Prospection of (Prehistoric) Sites Buried Deeply below the Scheldt Polders (NW Belgium). Archaeol. Prospect. 2016, 23, 125–145. [Google Scholar] [CrossRef]

	



Christiansen, A.; Pedersen, J.; Auken, E.; Søe, N.; Holst, M.; Kristiansen, S. Improved Geoarchaeological Mapping with Electromagnetic Induction Instruments from Dedicated Processing and Inversion. Remote Sens. 2016, 8, 1022. [Google Scholar] [CrossRef]

	



Theimer, B.D.; Nobes, D.C.; Warner, B.G. A study of the geoelectrical properties of peatlands and their influence on ground–penetrating radar surveying 1. Geophys. Prospect. 1994, 42, 179–209. [Google Scholar] [CrossRef]

	



Warner, B.G.; Nobes, D.C.; Theimer, B.D. An application of ground penetrating radar to peat stratigraphy of Ellice Swamp, southwestern Ontario. Can. J. Earth Sci. 1990, 27, 932–938. [Google Scholar] [CrossRef]

	



Litt, T.; Brauer, A.; Goslar, T.; Merkt, J.; Bałaga, K.; Müller, H.; Ralska-Jasiewiczowa, M.; Stebich, M.; Negendank, J.F. Correlation and synchronisation of Lateglacial continental sequences in northern central Europe based on annually laminated lacustrine sediments. Quat. Sci. Rev. 2001, 20, 1233–1249. [Google Scholar] [CrossRef]

	



Magny, M. Palaeohydrological changes as reflected by lake-level fluctuations in the Swiss Plateau, the Jura Mountains and the northern French Pre-Alps during the Last Glacial–Holocene transition: A regional synthesis. Glob. Planet. Chang. 2001, 30, 85–101. [Google Scholar] [CrossRef]

	



Crombé, P.; De Smedt, P.; Davies, N.S.; Gelorini, V.; Zwertvaegher, A.; Langohr, R.; van Damme, D.; Demiddele, H.; van Strydonck, M.; Antrop, M.; et al. Hunter-gatherer responses to the changing environment of the Moervaart palaeolake (Nw Belgium) during the Late Glacial and Early Holocene. Quat. Int. 2013, 308–309, 162–177. [Google Scholar] [CrossRef]

	



Bokelmann, K. Rentierjäger am Gletscherrand in Schleswig-Holstein? Offa 1979, 36, 12–22. [Google Scholar]

	



Grønnow, B. Meiendorf and Stellmoor Revisited: An Analysis of Late Paleolithic Reindeer Exploitation. Acta Archaeol. 1985, 56, 131–166. [Google Scholar]

	



Bratlund, B. Rentierjagd im Spätglazial: Eine Untersuchung der Jagdfrakturen and Rentierknochen von Meiendorf und Stellmoor, Kreis Stormarn. Offa 1990, 47, 7–34. [Google Scholar]

	



Bratlund, B. Die spätglazialen “Opfertiere” von Meiendorf und Stellmoor, Kreis Stormarn: Neue Ansätze zur Interpretation alter Funde. Offa 1991, 48, 41–73. [Google Scholar]

	



Crombé, P. The impact of environmental changes on the human occupation of the Scheldt basin during the Younger Dryas. In Préhistoire de l’Europe du Nord-Ouest: Mobilités, Climats et Identités Culturelles; Montoya, C., Fagnart, J.P., Locht, J.L., Eds.; 28e congrès préhistorique de France, Amiens, 30 May–4 June 2016; Société Préhistorique Française: Paris, France, 2019; pp. 407–416. [Google Scholar]

	



Rosentau, A.; Nirgi, T.; Muru, M.; Bjursäter, S.; Hang, T.; Preusser, F.; Risberg, J.; Sohar, K.; Tõnisson, H.; Kriiska, A. Holocene relative shore level changes and Stone Age hunter–gatherers in Hiiumaa Island, eastern Baltic Sea. Boreas 2020, 49, 783–798. [Google Scholar] [CrossRef]

	



Méndez, C.; Carré, M.; Maldonado, A.; Seguel, R.; Jackson, D. Site Context and the Spatial Organization of a Late Holocene Coastal Hunter-Gatherer Campsite in North-Central Chile, South America. Lat. Am. Antiq. 2020, 31, 765–779. [Google Scholar] [CrossRef]

	



Nasimovic, A.A. Lebensstätten und Wohnrevier des Ren. In Die Säugetiere der Sowjetunion; Heptner, V.G., Nasimovic, A.A., Bannikov, A.G., Eds.; VEB Gustav Fischer Verlag: Jena, Germany, 1966; pp. 417–428. [Google Scholar]

	



Eriksen, B.V. Late Palaeolithic settlement in Denmark—how do we read the record? In Post-Pleniglacial Re-Colonisation of the Great European Lowland; Kobusiewicz, M., Kozłowski, J.K., Eds.; Folia Quaternaria; Polska Akademia Umiejętności: Kraków, Poland, 1999; pp. 157–173. [Google Scholar]

	



Price, H.A.; Bokelmann, K.; Pike-Tay, A. Late Paleolithic reindeer on the North European Plain. In Man, Millennia, Environment; Sulgostowska, Z., Ed.; Institute of Archaeology and Ethnology, Polish Academy of Sciences: Warsaw, Poland, 2008; pp. 123–131. [Google Scholar]

	



Price, T.D.; Meiggs, D.; Weber, M.J.; Pike-Tay, A. The migration of Late Pleistocene reindeer: Isotopic evidence from northern Europe. Archaeol. Anthropol. Sci. 2017, 9, 371–394. [Google Scholar] [CrossRef]

	



Hussain, S.T.; Floss, H. Streams as Entanglement of Nature and Culture: European Upper Paleolithic River Systems and Their Role as Features of Spatial Organization. J. Archaeol. Method Theory 2016, 23, 1162–1218. [Google Scholar] [CrossRef]

	



Eriksen, B.V.; Detjens, S.; Rabbel, W. Tracking Late Palaeolithic reindeer hunters off the coast of Heligoland. In ZBSA Jahresbericht 2021; Zentrum für Baltische und Skandinavische Archäologie: Schleswig, Germany, 2021; pp. 81–83. Available online: https://zbsa.eu/wp-content/uploads/2022/11/jahresbericht_zbsa_2021_web.pdf (accessed on 17 January 2024).








[image: Geosciences 14 00030 g001] 





Figure 1. Lieth Moor and Nahe on a map of Northwestern Europe during the Allerød (GI-1c-a) interstadial. At that time, the sea level was reduced due to the inland ice, resulting in what is now the North Sea being dry land. Large amounts of meltwater formed glacial meltwater valleys, such as the Elbe Palaeovalley (EPV). The map and drainage systems were compiled by ZBSA after [22,23,24,25,26,27] and after [28,29,30,31,32], respectively (https://zbsa.eu/allerod; accessed on 1 August 2023). 
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Figure 2. Overview of the Lieth Moor area and known archaeological sites. The palaeolake reconstruction (gyttja thicknesses) after [45] and near the train tracks after [59] is drawn in blue. Pink dots indicate the location of pollen sampling by [18,65]. 
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Figure 3. Impressions from the geophysical fieldwork in Lieth Moor. (Left): GPR measurements are performed by dragging the 200 MHz antenna across the ground. (Right): EMI measurements were conducted with the device carried at waist height, approximately 1 m above the ground. Photos: Stine Detjens. 
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Figure 4. Compilation of the database. GPR profiles 8, 12, and 50 (cf. Figure 5, Figure 6 and Figure 13) are highlighted in red. Locations of archaeological surface finds and excavation sites spanning from the Late Palaeolithic to the Neolithic period are indicated by using the symbolisation key provided in Figure 2. 
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Figure 5. GPR profile 12 crossing the channel structure and adjacent cores. Top: enlarged detail of the channel structure. The red line indicates the reflection originating from the boundary between Rotliegend clay marl (‘red loam’) and glacial outwash plain sands. The brown line denotes the base of the high-amplitude facies, which corresponds to alternating layers of gyttjas and sands. Depths have been derived by using a constant migration velocity of 0.063 m/ns, as determined via diffraction hyperbola fitting. 
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Figure 6. GPR profile 50 and adjacent cores. Top: enlarged detail of the uppermost 2 metres. The red line shows the top of the ’red loam’, which emerges extremely close to the surface towards the northeast. The brown line denotes the base of the limnic gyttja and sand facies. Additionally, within this specific subarea, an extra reflector beneath the aeolian sand facies is discernible and is delineated by the yellow line. 
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Figure 7. Depth of the gyttja base in metres below ground surface as derived from GPR profile interpretation. 
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Figure 8. EMI data after processing. This figure illustrates the electrical conductivity ( σ ; top) and inphase (IP; bottom) data obtained from the three coil pairs, presented from left to right. Black lines indicate GPR profiles 8, 12 and 50. An upward triangle denotes the location of extreme inphase and increased conductivity values, which we assign to modern construction debris. In the overview map of the study area, the displayed subarea is drawn in yellow. 
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Figure 9. Electric conductivity depth section overlain on GPR reflection profile 12. The electric conductivity section was obtained through an inversion computation from the EMI data. For better visibility of the major features within the dataset, the colourmap is root scaled (denoted conductivity values are corrected and in mS/m). Dashed lines refer to the locations of the covariance correlation coefficient tests shown in Figure 10. 
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Figure 10. Covariance correlation coefficients of 1D EMI inversions at 22.5 m and 60 m offset within GPR profile 12 (cf. dashed lines in Figure 9). For this test, the number of best models used to calculate the covariances was increased to 200. Reddish colours indicate a high trade-off between modelled conductivity values at the respective depth locations. 
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Figure 11. Electric conductivity depth section overlain on GPR reflection profile 50. The electric conductivity section was obtained through an inversion computation from the EMI data. Again, the colourmap is root scaled for better visibility of the major features within the dataset (denoted conductivity values are corrected and in mS/m). 
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Figure 12. Joint interpretation of Electromagnetic Induction and Ground-Penetrating Radar data. The electrical conductivity of the first coil pair (i.e., averaged over the first ~1.2 m of the subsoil) is colour coded. The extent of the gyttja deposits as derived from GPR interpretation is delineated in black. Depth contours of the gyttja base at 0.5 m intervals are provided as dashed black lines. 
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Figure 13. Comparison of GPR signal and Taute’s section. A detail from GPR profile 8 is overlain with the sedimentary profile drawing from ([66], p. 74). The drawing is parallel projected onto the nearest GPR profile. For information on the location, see Figure 12. The distance between GPR profile and excavation is ca. 3 to 5 m. 
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Figure 14. Comparison of geological maps after ([61] left) and ([60] right). Yellow denotes sandy areas, blue represents gyttja deposits, and green signifies peat deposits. The survey area of the present study is delineated by a dashed line. The impact of varying drill point densities (indicated by dots) is discernible in the resolution of landscape features. 
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Table 1. Chronological sequence of archaeological groups in Northern Germany (for more details see [36,43]; Bromme Culture in Denmark according to [70]) in comparison to the INTIMATE event stratigraphy [3]. Technocomplexes written in grey are not present in Lieth Moor.
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Technocomplex

	
Chronology (in yrs cal. BP)

	
INTIMATE Event

Stratigraphy (Onset

in yrs cal. BP)






	
Early Mesolithic

	
Maglemosian

	
11,400–8500

	
11.4 ka BP event

(11,470)




	
Late Palaeolithic

	
Ahrensburgian

	
12,800–11,400

	
GH (11,653)




	
GS-1 (12,846)




	
Bromme Culture

	
13,200–12,650

	
GI-1c-a (13,904)




	
Federmesser-Gruppen

	
14,000–12,800




	
Hamburgian

	
14,700–14,000

	
GI-1e-d (14,642)











 





Table 2. Database comparison of cited geological studies. Values marked with an asterisk (*) were derived from a subset of drill points within the geophysical survey area that could not be digitised as sedimentological information was lacking. Question marks (?) indicate that the drill locations are completely unknown.
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	Total nr. of

Drillings
	Digitised

Drillings
	Max. Drill

Point Distance

(m)
	Min. Drill

Point Distance

(m)
	Mean Drill

Point Distance

(m)





	[45]
	>4000
	-
	76 *
	1 *
	15 *



	[57]
	856
	-
	?
	?
	?



	[59]
	185
	-
	116
	2
	23



	[60]
	271
	171
	100
	1
	18



	[61]
	317
	49
	183
	25
	73
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
5053250,

'5953000

5952750

— — —
545250 545500 545750 546000 596250
WGS 84 UTM zone 32N





media/file4.png
i

Lo
2

5955000

5954000

000

Younger
Ahrensburgian

Late Palaeolithic
Mesolithic
Neolithic

Single Find
Excavation
Collection

lein Nordende

*le(EEEN-

Federmesser Gr.

(CJ Survey Area
® Pollen Sampling

Gyttja Thickness
0—-40 cm
40-80 cm
80—-120 cm

mw 120-160 cm

B 160-200 cm

B >200 cm

u
WGS 84 544000 545000 546000 547000 543000
UTM zone 32N






media/file18.png
0 20 40 60 80 100 120 140 160

[w/sw] Ananonpuod





media/file21.jpg
150

[w/sw] Ayanonpuod





media/file26.png





media/file27.jpg
5 g
. E

SIS0 SIS0 S50 6000 596250 595250 545500 595750 546000 596250
WS B4 UTH zone 320






media/file3.jpg
* Younger OIsurvey Area

m Ahrensburgian + Pollen Sampling

 Federmesser Gr. Gttia Thickness

W Late Palacolithic (40 cm

= Mesolithic 40-80 cm
Neolithic 80-120 cm

+ Single Find 120-160 em

= Excavation 160-200 cm
Collection = >200 cm

SH000
UTM zone 32N

596000






media/file22.png
10 8

150

[w/swy] Ayaizonpuo)





media/file19.jpg
Offset 22.5m






media/file7.jpg
—
18250
WGS 84 UTM zone 32N

545500

546000

0 Survey Area
+ Digitised Corings

— GPR Profiles

_ EMI Survey Ares

S50 545750

'5953000 5953250

5952750





media/file28.png
o
LN
o
o
Ln
(o))
LN
o
o
o
(9]
LN
(o)
Ty}
o
LN
™~
oN
LN
(o))
LN

5952750 5953000 5953250

b
5

B — ] I N [
545250 545500 545750 546000 546250 545250 545500 545750 546000 546250
WGS 84 UTM zone 32N






media/file10.png
W’” \t‘\.H‘
s oo = ‘\‘.

/"/ '/1"*#"
‘. /V‘W‘

ATTR QFI:" “vje _'% A~‘-N SRS o e
I Wn ™\ %‘w " : ﬁ”
W;

%

plough layer
peat

gyttja

sand

red loam






media/file14.png
| Base Gyttja
| [mbs]

- 120.29
—10.66
=1.03
= 1.40
m]1.77

5953250

5953000

5952750

545250 545500 545750 546000 546250
WGS 84 UTM zone 32N





media/file11.jpg
plough layer
peat
— oyttja
sand
red loam






media/file6.png





media/file15.jpg





nav.xhtml


  geosciences-14-00030


  
    		
      geosciences-14-00030
    


  




  





media/file29.png





media/file16.png





media/file2.png





media/file20.png
z[m]

Offset 22.5m

z[m]

0.8

0.6

10.4

10.2

z[m]

Offset 60m|

I 1
8 0.8
0.6

11104

10.2






media/file23.jpg
545750 545800 545850 545900
WGS 84 UTM zone 32N

Taute 1968 Conductivity [mS/m]
Profile Drawing 1 4.3
Gyttja Extent 66
75
— GPR Profiles 91
[ Gyttja Extent (GPR) M 38.3

Feature Interpretation
4 Modern Debris

= Island
o Pond
* Stream
v Lake






media/file5.jpg





media/file24.png
s 4 i
545