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Abstract

The Black Death pandemic (134653 AD) caused a 30-50% population decline
across Europe. For the city of Erfurt in Thuringia, substantial human losses and
corresponding mass graves are well-documented in historical archives. The aim of
our study is to localize these mass graves in the nearby deserted village of Neuses in
order to validate the written sources and to obtain skeletal remains for future anthro-
pological and archeogenetic analyses. Here we present our integrative approach of
historical research and minimally-invasive stratigraphic and geophysical prospec-
tion. Within the area of interest, narrowed down by historical accounts and GIS
implementations, we applied percussion coring and electrical resistivity tomography
(ERT). Coupled geophysical and coring sections help elucidate the late Quaternary
sedimentary processes as an essential natural background for more detailed geoar-
cheological prospections. They allow to designate two distinct soil zones with con-
sistent stratigraphical and pedogenic sequences: (1) a Chernozem zone and (2) a
Black Floodplain Soil (humic fluvisol) zone. The distribution and extent of these zones
co-determined the internal structure of the former village Neuses and the positioning
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of the presumed associated Black Death mass graves. Our approach enables a pre-
liminary reconstruction of the medieval subsurface architecture, despite large-scale
20" century ground modification. We identified a belowground pit structure, visible

in both, the borehole sequences and ERT sections. Recovered bones have been
AMS radiocarbon-dated to the 14" century AD. Since confirmed and precisely-dated
locations of Black Death mass graves are rare in Europe and are commonly found by
chance during construction works, our systematic discovery of a possible plague pit
may help to advance the research on the origin, spread and evolution of the Yersinia
pestis pathogen throughout this pandemic as well as on societal coping mechanisms
during epidemic outbreaks. Furthermore, our combination of methods holds the
potential to successfully resolve the mapping of similarly demanding sites for archeo-
logical and forensic investigations.

1. Introduction

The Black Death (1346—1353) at the onset of the Second Plague Pandemic, was the
single most destructive disease in Eurasian history. Its demographic toll is estimated
at 30 to >50% of the European population [1,2], albeit with considerable regional
variation [3]. Only quite recently, the bacterium Yersinia pestis was unambiguously
identified as the causative agent of the Black Death. Rodent populations are thought
to have acted as the resident hosts for Yersinia pestis before the spillover to humans
occurred mainly via infected fleas [4,5]. The pandemic originated in Central Asia in
the first half of the 14" century [6,7] and found its way to Western Eurasia through
the Black Sea region and Mediterranean harbors, likely disseminated along cereal
trade networks [8—10]. It is still a matter of debate, whether and to what extent the
emergence and the transmission of the pathogen were affected by climatic conditions
[4,11]. The Black Death was only the first wave of the Second Plague Pandemic,
however, and the disease periodically returned to the European scene for centu-

ries afterwards [12,13]. While the genetic variety of Y. pestis was initially low during
the Black Death, the bacterium diversified into multiple strains during the course of
the Second Plague Pandemic [14—16]. It is currently under discussion, whether the
plague was reintroduced to Europe in the following waves [11,17] or reemerged from
Central European reservoirs and then spread in concentric waves across the conti-
nent [18]. With aDNA evidence drawn from investigations near Halle/Saale [19] and
historical sources for Frankfurt and Thuringia [20], Central Germany is one plausible
candidate region for hosting such reservoirs.

It is, however, equally true for Central Germany as for most other regions, that the
vast majority of information on the Black Death is taken from documentary evidence
that is provided by qualitative and quantitative historical studies [2,17,20], whereas
archeological material and complementary chronological data remain comparatively
sparse [3,21]. Historical sources imply numerous mass graves for plague victims
dispersed throughout Europe [22,23]. Yet, to our knowledge, there are altogether
less than ten excavated European mass grave sites for which archeological and
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documentary evidence allow for precise dating to the period of the Black Death and positive identification of Y. pestis
were presented. Among them are Saint-Laurent-de-la-Cabrerisse and Toulouse/France, London East Smithfield, Her-
eford Cathedral and Thornton Abbey/England, and Barcelona/Spain [16,21,24—28], with the best-researched and most
precisely-dated of these arguably being East Smithfield [25]. For a couple of further mass grave sites with reference to
the Black Death, such as Bergen op Zoom/Netherlands, Libeck and Manching/Germany, as well as Kutna Hora/Czech
Republic, either the chronology is still rather vague or the recorded mass fatalities were not unambiguously caused by Y.
pestis [26,29-31]. Apart from an undisputed potential for archeogenetic and anthropological studies, the very existence
of a mass grave is a crucial piece of evidence for historical sciences as it testifies to a society that fell into disarray for its
inability to bury the victims during an abrupt mortality crisis [23,32,33].

The significant scientific value of Black Death mass graves and their sizable numbers attested in historical sources
stand in harsh contrast to their low archeological representation. Hence, the exploration of undiscovered sites is impera-
tive, not only to expand the immediate data base, but also their mapping and delineation can facilitate sustainable heritage
management (cf. 34). By default, mass burials associated with the Black Death tend to be discovered by chance during
construction works [25,26,29,34]. Well-established geophysical methods, such as Electrical Resistivity Tomography (ERT)
and Ground-Penetrating Radar (GPR), are often subsequently applied to characterize these features and to determine their
extent [21,35]. Systematic surveys for unmarked mass graves are, however, relatively rare in this archeological context (but
see [36,37,38]). Complementarily, a lot of research has been done on the detection of recent, i.e., clandestine mass graves
for evidential and forensic reasons, as reviewed in Hunter and Cox [39]. For such investigations, a stepwise approach is
regularly used including (i) a map- and remote sensing-based background analysis, (ii) terrestrial reconnaissance utilizing a
combination of several geophysical methods (e.g., ERT, GPR and fluxgate gradiometry), and eventually (iii) more extensive
on-site investigations with excavations (cf. [40—44]). The morphological visibility of older mass graves in their landscape
might often be negligible or blurred through time, so that subsurface analysis is usually the only way for their detection.
Conveniently, the backfill of a mass grave is likely to stand out from its environment by differences in texture, color, mois-
ture, elemental and organic matter contents, or some combination thereof. For that very reason, it can be detected, e.g.,
by geophysical methods [33]. In spite of these unique sedimentary properties, soil mapping and sediment coring to unravel
the natural stratigraphy of the surroundings and to compare it with potentially deviating structures is not a common part of
a systematic prospection concept for mass graves, historical or otherwise. However, we argue that this kind of stratigraphic
exploration should be an integral component to locate mass graves and similar subterranean features, at the very least in
order to facilitate optimal interpretation and contextualization of geophysical results.

In case of the city of Erfurt, a major medieval urban center, particularly good prerequisites exist to combine methods of
historical, archeological and geophysical research: According to a contemporary local chronicle, the Black Death began
in the summer of 1350 AD [20], killing thousands of the inhabitants. Most of the dead were buried in eleven ditches in the
parish churchyard of Neuses, a village some kilometers outside the city [45—47]. Construction of Erfurt’s first airfield in
1926/27 AD uncovered partial remnants of the former parish church along with one mass grave [45]. Unfortunately, the
documentation of this excavation, and particularly the location details, is rather inconclusive, not least because geographic
coordinates are missing (Suppl. Section 2 in Supplementary Information S1 File). It only exists in fragments in local
archives and none of the skeletal remains are preserved.

Here we present the results of our multi-phased and comprehensive survey strategy to detect and character-
ize the Black Death mass grave(s) of Erfurt/Neuses using combined geophysical and soil-stratigraphic prospec-
tion methods. Our objectives were to 1. narrow down the suspect area of the presumed Black Death mass
graves; 2. explore the natural stratigraphic and pedogenic setting by means of sediment coring and geophysical
surveys to generate a broader contextual understanding of the site; 3. specify the best-suited geophysical meth-
ods for the detection of a mass grave and characterization of the natural background alike; 4. supplement the
existing historical and preliminary archeological record with independent chronostratigraphic evidence; and 5.
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locate the mass grave(s) as a prerequisite for a future excavation and further archeogenetic and anthropological
investigations.

2. Study area
2.1. Natural setting

The city of Erfurt (50°59'N, 11°2'E) is situated in Central Germany (Fig 1A), within the southern part of the Thuringian
Basin (Fig 1B). Shales and mudstones from the Upper Triassic (Keuper) generally dominate the interior of the Thuringian
Basin, producing gently undulating landscapes [48]. The area of interest (AOI: Figs 1C/D) is positioned on the southeast-
ern footslope of the hill “Roter Berg” (“Red Mountain”), a prominent erosional remnant made up of mainly reddish shales
and mudstones from the Middle Keuper (Norian Stage in the Upper Triassic Epoch) surrounded by fluvial gravels of the
Weichselian (Upper Pleistocene) Lower Terrace in a wide Pleistocene valley of the River Gera. On the hill’s flat summit, a
small veneer of highly-weathered fluvial gravels related to the late Elsterian Upper Middle Terrace is preserved. The verti-
cal distance between the two terrace surfaces amounts to ~50 m. In some areas, the Lower Terrace bears a ca. 2 m thick
cover of loess and loess derivates, in which chernozem-like soils developed during the Holocene. Where this loess cover
is missing, especially south and southwest of the “Roter Berg”, loamy soils formed by weathering of the Lower Terrace
gravels [48] (Fig 1C/D). In these loess-free areas of the Lower Terrace positioned in the southern part of the AOI, wetlands
existed at least until the 19" century, and former peat cutting is documented (Suppl. Section 1 in Supplementary Informa-
tion in S1 File).

The potential natural vegetation of the area consists of Fraxinus-Carpinus to Tilia cordata-Fagus forest, depending on
the kind of substrate [49]. Today, the study area has a roughly three-part structure in terms of vegetation cover (Fig 2,
Suppl. Fig 3 in Supplementary Information in S1 File). Its northern part is used for agriculture with dominant wheat and
rapeseed cultivation, the middle part features a dense, partly spontaneous forest with Populus, Acer, Sambucus and
Prunus species, while the southern part is occupied by a sports facility. Due to its shielded topographic location in the
Thuringian Basin, Erfurt has low overall precipitation values of 530 mm/a with a pronounced summer maximum, and an
average annual temperature of 9°C. According to the Kdéppen-Geiger classification, the region is located within the Dfb
climatic zone [50,51].

2.2. Archeo-historical setting

A first reference to the existence of plague mass graves in the deserted village of Neuses at the foot of “Roter Berg“ is
given in the Chronicon Sampetrinum [46], a chronicle which covers the history of the St. Peter’'s Monastery in Erfurt from
1072 to 1355 AD and is hence considered a contemporary source of local information [52]. The chronicle describes the
overflow of Erfurt’s parish cemeteries with the outbreak of the Black Death and the advice of academics to dig ditches
outside the city instead; and it provides very specific information on the operating method: To accommodate the growing
number of bodies, the cemetery of the nearby village of Neuses, probably still in use for the local parish, was chosen by
official decree as an emergency burial site. There, between July 1350 and February 1351, “eleven pits were dug [...], into
which around twelve thousand bodies of people were brought in wagons and carts. These were continuously transported,
three or four at a time” [53]. Probably in the immediate aftermath, but at least since 1355, an annual commemorative
procession was established on St. Mark’s Day (April 25'"), leading from Erfurt to the Black Death mass graves in Neuses
(20, footnote 57). This custom was upheld for several centuries and thus, both the cause of the mortality and the rough
location of the graves were preserved in collective memory.

In 1926/27, large-scale ground modification and terrain levelling took place in the AOI for the construction of
Erfurt’s first airfield (Fig 2A; Suppl. Fig 3 in Supplementary Information in S1 File). On the northern margin of the
prospective runway, traces of the medieval deserted settlement of Neuses were discovered and partly excavated.
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Fig 1. Geographical, topographic and geological overview of the study area. The position is given within (A) Central Europe, (B) the Thuringian
Basin, (C) within the wide valley now partially occupied by the river Gera and (D) at the SW footslope of the hill “Roter Berg”. Topographic information in
panels A and B obtained using open-access SRTM data with a 90-m resolution (www.earthdata.nasa.gov/sensors/srtm). For panels C and D, a LiDAR
Digital Elevation Model DEM1 with 1-m resolution was used, kindly provided by the Thuringian State Office for Land Management and Geoinformation
(©GDI-Th, License: dI-de/by-2-0, https://geoportal.thueringen.de/gdi-th/download-offene-geodaten). Geological information, according to the German
Stratigraphic Commission taken from the Digital Geological Map GK25; pedological information taken from the soil map BGK 100. Both were kindly
provided by the Thuringian State Office for the Environment, Mining and Nature Conservation (© GDI-Th, License: dl-de/by-2-0, https://tlubn.thueringen.
de/kartendienst). *The rough area of former wetlands was deduced from older topographic and geological maps from 1839 and 1931, respectively (see
Supplementary Section 1 in Supplementary Information in S1 File).

https://doi.org/10.1371/journal.pone.0337410.9001
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Fig 2. Graphical representations of the immediate study site. Panel A — Terrain levelling for the construction of the airfield in 1926 with the hill
“Roter Berg” in the background (courtesy of Thuringian State Department for the Preservation of Monuments and Archeology TLDA; photo
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credits: Wilhelm Lorenz 1926). Panel B — Map of the excavation findings 1926/27 (Bolle, 1937). For location, the map includes a scale (lower
right=“MaRstab”) and the directional distances to the nearest roads. Abbreviations: FM =cemetery wall, M2=second wall, Mgr.=mass grave,
Egr.=individual graves (schematic), B =debris of the former church (schematic). Additional terms: “Scherben”=pottery sherds found at the northern
edge of the excavation, “alter FuBweg” =former footpath, “180-m-Hohenlinie”=180 m contour line, “190m bis Stott. Strafle” =distance to the road ‘Stot-
ternheimer StralRe’. “Am Schwengelborn” refers to a toponym translating to ‘well sweep’. Panel C — Digital elevation model of the study area that
displays all coring positions and the trace of all ERT-profiles included in the study (P2-P4, P6, P7, P11, P12). Also indicated in orange is the tentative
position of notable features from the excavation in 1926/27 according to our preferential georeferenced version of the sketch by Bolle (1937), cf. Supple-
mentary Section 2 in Supplementary Information in S1 File. Current land use marked by white text boxes. DEM provided by the Thuringian State Office
for Land Management and Geoinformation (© GDI-Th, License: dI-de/by-2-0, https://geoportal.thueringen.de/gdi-th/download-offene-geodaten).

https://doi.org/10.1371/journal.pone.0337410.9002

These results were presented alongside historical source studies in two publications by Bolle [45,54]. The findings
include the former churchyard with individual graves as well as the presumed debris of the former parish church
and remains of the southern cemetery wall. A 1.50 m by 1.50 m test pit on a slight hillock within the excavation area
revealed a mass grave at 1.30 m below the surface, featuring human skeletal remains of ca. 20 individuals stacked
upon each other without discernible organization or orientation, and apparently buried without a coffin. At a depth
of 2.50 m, the excavation was suspended, although the bottom of this structure had not been reached. Based on
the written sources, Bolle [45] related this archeological feature to one of the supposed eleven Black Death mass
graves from 1350/51. Unfortunately, the current whereabouts of these skeletal remains are unknown, preventing
their use for dating or other purposes. Therefore, a deviating chronology and cause of this previously-found mass
grave cannot be excluded [32].

More recently, an archeological excavation was conducted prior to the construction of the road “Am Zoopark”, directly
south of the 1926/27 excavation area, as depicted in Fig 2B. The main results of the excavation report [55] (internal TLDA
procedure number VG-Nr.: 12/107) were summarized in a brief publication [56]. According to the findings, the road seg-
ment crossing our study area could be divided into (i) a western part with gravelly sediments that contained no archeolog-
ical features and virtually no finds, and (ii) an eastern part with loess-like sediments, where numerous, mostly prehistoric
loam extraction and storage pits where found. At the western margin of the loess area, remains of the deserted, medieval
village of Neuses where discovered. Among them were a short double wall section, remnants of a half-timbered building
and deep pits of unknown purpose, that contained pottery sherds of the 13"-14" century AD. No human bones or graves
were found during this procedure.

3. Methods
3.1. Geospatial techniques for site reconstruction

The two reports on the preliminary results of the 1926/27 excavation also contain a sketch reconstructing the position of
Neuses within the rural landscape [45,54], and a scaled map (Fig 2B) of the excavation area, which shows the locations of
the churchyard, cemetery, and mass grave. Their spatial relationships and distances to adjacent roads and footpaths are
also indicated. However, this map merely represents a vague starting point for the actual localization of the mass grave,
because (i) the road network had partly been altered by the airfield construction and has evolved ever since, (ii) the exca-
vation map lacks a coordinate system and the section is too small to clearly relate to any official roadmap of the time, (iii)
much of the spatial reference in the map consists of archeological features that were eradicated by the excavation itself
and (iv) the original report and documentation of the excavation activity have not been preserved, so that the map cannot
be critically evaluated and adjusted.

For this reason, we attempted to georeference the map in ESRI Arc GIS (version 10) using the few spatial specifica-
tions still considered reliable in the excavation map [57], e.g., distances to roads that bear the same name today (see
Supplementary Section 2 in Supplementary Information in S1 File). The preferential geographic positioning of the major
elements of the map is presented in Fig 2 (Eastern variant in Suppl. Fig 2 in Supplementary Information in S1 File).

PLOS One | https://doi.org/10.1371/journal.pone.0337410 January 7, 2026 7127


https://geoportal.thueringen.de/gdi-th/download-offene-geodaten
https://doi.org/10.1371/journal.pone.0337410.g002

PLO\Sﬁ\\.- One

However, due to a scarcity of suitable control points on this map, we acknowledge that the easting (i.e., the accuracy on
the west-east axis) remains a rather rough approximation. We further employed GIS to visualize the topographic data
alongside the official geological and pedological information, and to display select findings of the 2012 archeological
excavation [55,56]. Geophysical profiles and sediment cores attained during our fieldwork were levelled with a TOPCON
differential GPS (DGPS; cm-scale horizontal and vertical accuracy).

3.2. Survey and prospection methods

The prospection for mass graves is generally considered to be challenging due to very specific sedimentary properties
and dimensions that lead to highly heterogeneous geophysical responses [33,43]. For this reason, we applied an inte-
grative combination of non-invasive and minimally-invasive survey and prospection techniques. Because of dense woody
vegetation in large parts of the AOI (Suppl. Fig 3 in Supplementary Information in S1 File), an extensive surface cover-
age was not applicable for the geophysical surveys. The prospection strategy pursued a two-step approach. Firstly, ERT
cross-sections and coring were carried out mainly along three approximately North-South-oriented transects T1 to T3 (Fig
2), carefully cut into the vegetation. Transects T2 and T3 were laid out to also intersect with the supposed position of the
mass grave, depending on the respective variant of georeferencing of the excavation map made by Bolle ([45], see Fig
2); whereby we consider the eastern variant to be more robust than the western one (Supplementary Section 2 in Supple-
mentary Information in S1 File). Intentionally, our geophysical and coring profiles extend well beyond the narrowed-down
suspect area for the mass grave, allowing for a better characterization of the natural setting and hence a wider contextual
understanding of the mass grave site (cf. [36]). Once this was achieved, we secondly made use of the fact, that in the

old excavation map, the distance of c. 30 m from the supposed mass grave to the road “Weg zum Roten Berg” might be
the most reliable element of spatial information (Fig 2B). However, we presume a spatial error of +5—-10 m for this spec-
ification to account for line thickness on the map, former measurement uncertainties, and possible changes in the exact
position of the road’s southern edge — due to asphalting and the renewal of roadside supply infrastructure since 1926/27
AD. Accordingly, our investigations were then turned to the parallel line 30 m south of the road, running roughly in a W-E
direction, i.e., about perpendicular to most of the remaining profiles (red dashed line in Fig 2C). Field research was explic-
itly authorized by the City of Erfurt (written consent), and by private landowners/leaseholders (oral consent).

3.2.1. Near-surface geophysical methods. The application of geophysical methods is well-established for the
detection and mapping of graves, where often a preference is given to electrical and electro-magnetic approaches
[35,44,58]. Dense vegetation in the study area limited our investigations to linear transects, whereas 3D-surveys, e.g.,
electromagnetic induction methods (EMI) could not be performed. We focused on electrical resistivity tomography
(ERT) that measures apparent electrical resistivity distribution in the subsurface with high vertical resolution. ERT is
quite commonly used to investigate substrate variations [59] and, moreover, was successfully applied to map changes
in bulk density caused by mass graves [35]. ERT profiles were measured with a PC-controlled direct-current resistivity
meter system (Resecs I, GeoServe, Kiel, Germany). Electrode spacing was 0.5 m and transect length varied from 37
to 87.5 meters. Fig 2C shows the spatial layout of our ERT surveys. We chose a Wenner electrode array because of its
low signal-to-noise ratio and appropriate vertical resolution to map the transects that mainly focus on the stratigraphical
background (transects P2, P3, P4, P11, P12). Measurements for P2-P4 were performed in September 2022, after a very
dry summer period had caused very low soil moisture, in particular in the topsoil. Transects P11 and P12 were measured
in the beginning of June 2023 under moderate moisture conditions. For transects specifically aimed to image possible
grave structures, following stratigraphic evidence from our cores, we applied Wenner- and additionally Dipole-Dipole
electrode configuration for its higher lateral resolution. This applies to transects P6 and P7, measured in January 2023
under wet surface conditions. The data were processed and inverted using boundless ERT (BERT) software [60]. The
maximum number of iteration steps was set to 20 for all inversions. Only profile P4 reached this limit, while all other
inversions completed within 4—13 iterations. It should be noted that the inversion process is inherently non-unique.
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Several variants of the inversion process were tested and the final selection was an informed decision based on data fit
and pedological plausibility. We opted for L1 norm for inversion and the smoothing parameter was set to A=20 to A=80
according to the misfit parameters of the inversion. With these selected A values, the relative root mean square error
(RRMSE) for profiles P2—P11 ranges from 0.88% to 6.9%. Only profile P12 exhibits a higher RRMSE of 11.58% which
can be attributed to the malfunction of one electrode during data acquisition. The chi-squared misfit values for all inverted
profiles range between 0.66 and 3.96.

Ground-penetrating radar (GPR) was tested along several transects across the AOI [61]. Measurements were performed
with an SIR-4000 (GSSI Geophysical Survey Systems, Inc., Nashua, USA) and antenna frequencies from 200 MHz up to
800 MHz (UtilityScan DF 300/800, 200 MHz and 400 MHZ — Shielded Antenna, GSSI Geophysical Survey Systems, Inc.,
Nashua, USA). Due to a very high attenuation and a very low penetration depth [62], caused by the strong presence of clay
(floodplain and slope sediments) in the first centimeters, it was concluded that GPR was unsuitable for our field site.

3.2.2. Pedostratigraphic survey. We conducted percussion coring (58 cores with < 6m depth, Fig 2C) to establish
the natural pedological and stratigraphic background along transects, applying the soil catena concept [63]. We utilized
an Atlas Copco Cobra motor hammer and several 1-m long stainless-steel gouges with a diameter of 6 cm for coring.
Borehole sequences were documented in the field following the standards of German soil mapping and the World
Reference Base for Soil Resources, WRB [64,65]. The descriptions comprise parameters such as bedding, texture, grain
size, Munsell color, contents of organic matter, carbonates and clastic coarse fraction, redoximorphic properties as well
as (anthropogenic) constituents such as pottery sherds, brick fragments and charcoal. In addition to percussion coring,
Pirckhauer-type soil augers [66] were used for time-efficient subsurface prospection (henceforth: Pirckhauer). These
1-m long metal rods with 2-cm wide notches were driven into the ground by hand with a 3 kg plastic hammer. Purckhauer
sequences were not fully documented, because when stratigraphic deviations or anomalies were identified in these small
cores, they were double-checked by percussion coring.

3.3. Dating approaches

3.3.1. Radiocarbon dating. Bone fragments and four additional charcoal pieces from the sediment cores were
subjected to AMS “C dating at the Curt-Engelhorn-Zentrum Archdometrie (CEZA) in Mannheim (cf. Supplementary
Section 4-5 in Supplementary Information in S1 File). The bones underwent collagen extraction (modified Longin
method) and ultrafiltration was used to separate the fraction>30kD, which was subsequently freeze-dried [67]. On the
charcoal pieces, the ABA protocol (Acid-Base-Acid) was performed using HCI, NaOH and HCI to eliminate the most
probable contaminants [68]. After pretreatment, the remaining sample residue was combusted to CO, in an elemental
analyzer (EA) and the CO, was catalytically reduced to graphite. The "*C content of the graphite was then measured
applying a MICADAS-type AMS system. Simultaneously, C/'2C and "*C/'2C isotope ratios of samples, as well as
calibration standards (oxalic acid-1l), blanks and control standards were analyzed in the AMS. The determined '“C ages
were normalized to §'C =-25%. [69] and calibrated to calendar ages using the IntCal20 data set and OxCal software
v4.4.2 [70].

3.3.2. Pottery-based chronological assessment. From the cores EN-RK 25, 27, 32, 35, 38, 46—48 and 57,
we collected a total of 14 pottery sherds, mostly embedded within deposits that were classified as occupation and
floodplain layers (Supplementary Section 3 in Supplementary Information in S1 File). The sherds were described
with regard to the following optically analyzed characteristics: State of preservation, production technique, color,
firing atmosphere, temper, hardness, surface texture and vessel type. Due to the strong fragmentation of all pieces,
only a rough chronological classification could be made on the basis of the respective characteristics, since essential
features, such as rim and vessel shapes were generally not identifiable. Categorization was based on expert
knowledge and the relevant overview literature [71-73]. Further details can be found in the Supplementary Section 5.1
in Supplementary Information in S1 File.
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3.4. Ethics statement and anthropological description of bones

The investigation of human skeletal remains was conducted under permit and ethical approval granted by the Thuringian
State Department for the Preservation of Monuments and Archeology (TLDA). The TLDA is the competent authority with
jurisdiction and legal responsibility for the protection, study, and curation of archeological human remains within the State
of Thuringia. TLDA reviewed the research design and authorized the percussion coring, sampling, and scientific analy-
sis of human bones in the form of written consent. As this study involves archeological remains of individuals deceased
for several hundred years, informed consent from the individuals or their descendants is not applicable. Therefore, the
requirement for informed consent was waived by the TLDA. Hence, all necessary permits, ethical or otherwise, were
obtained for the described study, which complied with all relevant regulations. About 20 human bone fragments were
recovered from eight bulk samples taken from sediment cores EN-RK 55 and 56. The bulk samples have received TLDA
inventory numbers and were characterized with regard to species, skeletal region, approximate age-at-death and sex
(see Suppl. Table 2 in Supplementary Information in S1 File). The bones are stored at the TLDA facilities in Weimar,
Germany.

4. Results
4.1. Stratigraphy and soil geography of the study area

In terms of soil geography (henceforth: pedogeography), we divide the study area into a northeastern part and a south-
western part based on our investigations. These two parts show distinctly different near-surface depositional and pedo-
genic properties, which will be described in the following paragraphs: A ‘Chernozem zone’ and a ‘Black Floodplain Soil
zone’, where the contact boundary of these two runs directly through the AOI. Standardized sequences and the main
stratigraphic units (SU) for both zones are presented in the following paragraphs, as well as in Table 1 and Fig 3 (cf.
Suppl. Sections 3 and 6 for detailed interpretation in Supplementary Information in S1 File).

4.1.1. Standard stratigraphies. The lowermost Stratigraphic Unit 1 (SU1) that we observed within the study
area is a mudstone sequence from the Middle Keuper (Norian Stage). In the Chernozem zone, it is unconformably
overlain by Stratigraphic Unit 2 (SU2), represented by fluvial gravels of the Weichselian Lower Terrace. This, in turn,
is covered by a heterogeneous, loamy periglacial slope deposit, Stratigraphic Unit 3 (SU3). Following an erosional
contact, Stratigraphic Unit 4 (SU4), a laminated slope-washed loess was deposited, which grades into a rather thin
(15-65 cm) primary loess, Stratigraphic Unit 5.1 (SU5.1). Within this loess, a chernozem has formed at the surface.
For practical reasons of visual representation, we designated the chernic horizon as Stratigraphic Unit 5.2 (SU5.2).
In the ERT-profiles, SU1 and SU2 can be distinguished by their particularly low (less than 50 Qm) and relatively high
(300—400 Om) resistivity values, respectively. In contrast, SU3 to SU5 show moderate resistivities of 60—150 Qm, thus
these units cannot be differentiated from each other on the basis of their resistivity alone (Table 1; Supplementary
Section 3 in Supplementary Information in S1 File). The high electrical resistivities (<300 Qm) observed at the very near
surface (0—-0.5 m) are not considered in the interpretation, as they are attributed to the low soil moisture at the time of
measurement. Within the Black Floodplain Soil zone, SU2 to SU5 are missing beyond a sharp lateral contact with the
Chernozem zone. Instead, Stratigraphic Unit 6 (SU 6), a fluvial gravel of a presumed younger age than SU2, overlies
the ubiquitous Upper Triassic (Keuper) mudstone of SU1. The SU6 gravels can be distinguished from those of SU2 by
their higher relative elevation, higher pebble and carbonate content, different petrographies (higher share of limestone)
and the sedimentary structure with intercalated sandy segments, and indications of small fining-up sequences (Table
1, Suppl. Section 3 in Supplementary Information in S1 File). On top of SU6, the uppermost Stratigraphic Unit 7
(SU7) is formed by a thick humic and loamy solum, bearing evidence of both in-situ pedogenesis and the deposition
as a pedosediment, i.e., overbank deposit (Suppl. Section 3 in Supplementary Information in S1 File). It is classified
as a humic fluvisol and henceforth referred to as a Black Floodplain Soil. The latter is a well-know supraregional
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Table 1. Characterization and interpretation of the Stratigraphic Units (SU) documented in the study area.

Strat.Unit | Core EN-RK Thickn. | Main Sediment Characteristics Resistivity in | Interpretation Pedo-Zone
[em] ERT
SuU1 1,32,33, 36,41, tens of unconsolidated (silty) clay; variegated colors (Mun- | low values<60 | mudstone from the CZ, BFzZ
55,58 meters sell from 10R 5/2 and 2,5YR 4/3-6/5 BG); (vastly) |Qm Middle Keuper (Weser
non-calcareous; massive to finely-laminated and formation)
free of pebbles; clear and erosional upper boundary
Su2 3,4,7,19 ~200 gravelly, poorly-sorted fine to coarse sand; pebbles | high values Weichselian fluvial cz
36-38,40, well-rounded; gravel content 10-50% (mainly <400 Om gravel of the ‘Lower
42,51, 53,55-58 quartz, chert, rhyolite and limestone); varyingly Terrace’, German:
calcareous (1-10%); mostly reddish-brown color “Niederterrasse”
(between 5YR 5/2 and 5/5), clear upper boundary
Su3 3-10,18-31,37-45, 90->350 | heterogeneous clayey loam; massive to finely- low to medium | Weichselian periglacial cz
50-58 laminated; gravel content up to 15% (mainly quartz, | values slope debris/-deposit
rhyolite); carbonate content up to 10%; mostly 50-150 Om
reddish brown (2,5YR 3/4-5YR 6/2); clear and
erosional upper boundary
Su4 3-5,7,9, 20-90 alternate, rhythmic bedding and partial mixture of | low to medium | Weichselian slope- cz
10,16,18-28, (clayey) reddish brown loam and light brown silt values washed loess, German:
51-54 (7,5 YR 6/5-2,5YR 4/4), highly calcareous (5 to 50-150 Qm “Schwemmldss”
>10%); interfingering of SU3 and SU5.1 character-
istics; gradual upper boundary
SU5.1 3-10,16, 18,20- | 15-65 massive, (slightly fine-sandy to slightly loamy) silt; | low to medium | Weichselian primary cz
24, 26,28-31, light (yellowish to reddish) brown (10YR 6/5-7,5YR | values loess
51,58 5/4); highly calcareous (210%); contains krotovinas,| 50-150 Om
earthworm channels and secondary carbonates;
clear but gradual and contorted upper boundary
SU5.2 3-10,15, 45-90 mostly massive humic/mollic, dark brown solum low to medium | Holocene chernic horizon | CZ
16,18,23,24,26, (7,5YR 3/2—10YR 3/3); granular structure (earthworm- | values
28,29,58 casts); varying carbonate contents (0—10%); occa- 50-150 Om
sionally incipient degradation into (luvic) phaeozem;
contains krotovinas and earthworm channels; plough.
horizon usually with Munsell values of 4
Su6 1,2,11-14, 17,32- | 100-170 | gravelly sand to sandy gravel; slightly loamy, fine to | high val- Late Weichselian to Early | BFZ
35, 41,46-49 coarse sandy, poorly-sorted matrix with more loamy | ues <400 Om | Holocene fluvial gravel
sections; variegated but mostly reddish colors (2,5Y,
10YR, 7,5YR, 5YR to 2,5YR 6/3-5/2); calcareous (2
to >10%); well-rounded pebbles (30-60%), mainly
quartz, chert and rhyolite, with higher limestone
contents than SU2; sporadically with fining-up
sequences; erosional lower boundary
Ssu7 1,2,11-14, 17, 70-120 massive, very humic, loamy-clayey solum/pedosed- | varied, low to | Early- to Mid-Holocene BFZ

32-35, 41,46-50

iment (Munsell 7,5YR 2/1-2,5Y 3/1); clay content
up to 50%; sand fraction well-sorted medium to
coarse sand; carbonate content 0—10%; upper-
most segments usually lighter and siltier; contains
small pieces of charcoal and burnt loam; gradual
lower boundary with decreasing clay- and organic
carbon-, but increasing carbonate content

medium values
50-100 Om

organic to overbank
formation, poss. with
weathering/ pedogenesis
¢ humic fluvisol/ Black
Floodpl. Soil

The occurrence of the SU within respective sediment cores and their affiliation with the two pedogeographic zones ‘Chernozem zone’ (CZ) and ‘Black
Floodplain Soil zone’ (BFZ) is indicated.

https://doi.org/10.1371/journal.pone.0337410.t001

phenomenon, the formation conditions of which are still controversial [74—76]. Resistivity values in the ERT profiles
within this zone allow for a clear separation of SU1 (<60 Qm), SU6 (<400 Qm) and SU7 (50—-100 Qm) (Table 1; Suppl.
Fig 5 in Supplementary Information in S1 File).
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Fig 3. Photographic documentation of representative coring sequences. Cores EN-RK 7 and 58 refer to the Chernozem zone standard sequence; the
Black Floodplain Soil (BFS) zone standard sequence is represented by core EN-RK 41. The attribution of the different deposits to stratigraphic units (SU) is
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indicated. Descriptions of SU1 to SU7 can be found in Table 1 and Supplementary Section 3 in Supplementary Information in S1 File. Cores EN-RK 55 and 56
were obtained in the position of the potential mass grave. SU1 and SU2 refer to the natural Keuper mudstone and the Lower Terrace fluvial gravels, respectively.
The potential backfill deposits comprise the entire sequence above the upper boundary of SU2. Blue boxes indicate the main occurrence of well-preserved skele-
tal remains. Note that the brownish, gravelly material at the base of RK 55 (marked with a red X) represents contamination during core extraction.

https://doi.org/10.1371/journal.pone.0337410.9003
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Fig 4. Simplified pedo- and lithostratigraphic sequences along the three coring transects T1 to T3. The boundary between the Chernozem and the
Black Floodplain Soil zone is depicted. The estimates for truncation/soil removal in the central parts of the transects caused by ground modification during the
airfield construction in 1926/27 are indicated by the pale pink rectangles. Yellow bars specify the segments covered by the respective ERT profiles.

https://doi.org/10.1371/journal.pone.0337410.9004
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4.1.2. Transect-related stratigraphic findings. The northern parts of the coring transects T1 to T3 (cf. Fig 2), up
to and including the embankment of the road “Weg zum Roten Berg”, show fairly consistent and similar stratigraphies
(Fig 4). In almost every borehole in this area, stratigraphic units SU3, SU4 and SU5 are represented, although with
slightly varying thicknesses. As a general trend, the slope deposits, i.e., the combined units SU3 and SU4, seem to thin
out downslope. In a few positions, however, SU4 does not occur (EN-RK 6 and 8), and SU5 is occasionally obscured
by occupation features (EN-RK 19, 25, 27). South of the road, the lowering and levelling of the terrain for the former
airfield created a morphological step and led to a systematic truncation of the stratigraphic succession, especially in
T2 and T3. The amount of intentional soil removal can cautiously be reconstructed based on the relative thickness of
the lacking stratigraphic units. As for T1, the morphological step south of the road is less pronounced and it coincides
with the transition from the Chernozem zone to the Black Floodplain Soil zone. At the contact of these two zones in T1,

a short-distance reworking of SU3 material has apparently taken place (EN-RK 50), as this is the only position, where
SU7 overlies SU3 in the whole study area. The amount of soil removal south of the road in T1 is difficult to assess. All

the coring positions of Black Floodplain Soil zone that we studied so far are situated within the boundaries of the former
airfield and have likely been modified by its construction. Hence, the standard thicknesses of SU7 are currently not
known to us and therefore, neither is the magnitude of a possible truncation. It is not unlikely that no or only negligible soil
removal occurred in this range of T1 and that the step represents a largely natural geomorphic feature here, i.e., the edge
of the former floodplain. The variable degrees of soil removal across our transects T1-T3 are clearly related to the original
topography prior to the airfield construction, where a convex landform with a slightly higher elevation existed (see the 180
m contour line in Fig 2B). In the center of this landform, a more extensive lowering was necessary to level the ground
there compared to peripheral areas or areas outside. In the ERT profiles (Fig 5), stratigraphic units SU3-SU5 cannot be
differentiated. However, the profiles clearly show the low-resistivity Keuper mudstone (SU1) at depths of 3—4 m in P2-

P4, as well as the gravel of SU2 with higher resistivities and a respective thickness and depth of about 2 m. Since both
aspects correspond with our coring results, it allows to infer a stratigraphic continuity of SU1 and SU2, even in segments
where these units are only barely exposed through percussion coring.

The southwestern part of the AOI and of our transects is occupied by the Black Floodplain Soil zone. While in T1 circa
half of the overall boreholes are located there, in T2 and T3 its boundary with the Chernozem zone lies further to the
south, visible both in coring- and ERT profiles (Figs 4, 5). The very sharp contact between the two pedogeographic zones
(cf. Suppl. Figs 4, 5 in Supplementary Information in S1 File) and the lack of slope deposits (SU3 to SU5) in the Black
Floodplain Soil zone can only be explained by lateral fluvial erosion, eroding these sediments after their deposition. The
contact of the zones therefore represents the edge of the floodplain. As lateral fluvial erosion and subsequent sedimen-
tation of coarse material in the river bed are connected processes, it follows that the gravels of SU6 must be younger
than those of SU2. Lateral fluvial activity (esp. meandering) often leads to the formation of more sandy sequences with
fining-up tendencies. This can be observed in several cores in SU6 (EN-RK 12, 15 and 35) to some extent, in contrast
to SU2. Across the contact of the two zones, in the ERT profiles, it is not possible to distinguish between the fine-grained
topmost deposits of the Chernozem zone (SU3-SU5) and the Black Floodplain Soil zone (SU7) based on their resistivity
values alone. The same is true for the two separate fluvial gravels (SU2 versus SU6). However, clear distinction is facil-
itated by their relative stratigraphic properties: The fine-grained deposits are much thinner in the Black Floodplain Soil
zone and the gravels lie much closer to the surface compared to Chernozem zone. As these findings are well in accor-
dance with the borehole stratigraphies, the contact between the two pedogeographic zones can be reliably mapped using
ERT, even in the local absence of a high coring density. Their boundary is most pronounced in P11 (at ~45 m), well-
discernible in P2 (~41 m), and has a more transitional character in P12 (~23 to 28m) (Suppl. Fig 5 in Supplementary Infor-
mation in S1 File).
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models are based on a joint inversion of a Wenner and Dipole-Dipole configuration. The vertical and horizontal extent of the potential mass grave, as
interpreted from consistent results of ERT and Pirckhauer mapping, is marked with black dashed lines.

https://doi.org/10.1371/journal.pone.0337410.9005

4.2. Systematic localization and characterization of the potential mass grave

According to our geographic positioning of the excavation map from 1926/27 AD [45], we expected the mass grave to fall
in line with transect T3 and ERT profile P3 (Fig 2). However, we did not identify a corresponding feature there, which is
likely caused by substantial uncertainties in the west-east direction of the control points for georeferencing. In the follow-
ing step of investigation, we turned to the corridor ca. 30 meters (£5—-10 m) south of and parallel to the road “Weg zum
Roten Berg”, as we considered this distance between the road and the mass grave discovered during the 1920s excava-
tion reliable. Along this ~30-m line, between transects T2 and T3 (red dotted line in Fig 2C), we carried out Plrckhauer
soundings every two meters and increased the resolution as necessary. The information on natural stratigraphy and the
extent of soil truncation obtained from the coring transects and ERT profiles enabled us to focus on sedimentary anoma-
lies—such as deviations in color, texture, or the presence of unusual material—that stood out from the natural deposits.
The sequences of these Plrckhauer soundings mostly mirrored the percussion coring findings of the immediate surround-
ings: They featured loamy slope debris (SU3), overlain by slope-washed loess (SU4) in which a recent humic topsoil had
formed since the truncation in the 1920s (Fig 4, position EN-RK 54). About 10 meters west of T3, however, we discovered
a stratigraphic anomaly, characterized by a slightly-elevated organic matter content and the noticeable admixture of peb-
bles, as well as the occurrence of brick and charcoal fragments below the topsoil. As these properties are atypical for the
SUS3 deposits and were restricted to a very small segment of this 70-meters long Purckhauer transect, we further explored
this anomaly through percussion coring and conducted ERT measurements along two intersecting, perpendicular profiles
(P6 and P7) to delineate its extent (Fig 5).

In the respective cores EN-RK 55 and 56, which are about three meters apart (Fig 5), the natural stratification is sub-
stantially disturbed down to even greater depths (approx. 280 cm) than was evidenced by the shallow (1 m) Purckhauer
soundings. All natural deposits (SU2-SU5) that occurred in this part of the Chernozem zone within the uppermost~3m
before the 1920s ground modification are mixed in the core sequences. This leads to anomalous contents of silt, organic
matter and especially gravel (Fig 3). The lower boundary of these disturbed segments is formed by the contact with the
gravels of SU2, situated at ~285 cm (EN-RK 55) and ~270 cm (EN-RK 56). Since stones, pebbles, and sand with SU2-
origin are dispersed across the disturbed part of the sequence, this boundary needs to be regarded as artificially lowered.
Accordingly, in core EN-RK 55, the original SU2 gravels below the disturbed section have only about a third of their usual
thickness (ca. 60 cm) (Fig 3), and the upper SU2 boundary is situated further downcore. For comparison, in the closest
cores outside the anomaly (EN-RK 51 and 53), this boundary lies at 173 and 186 cm, respectively. Apart from allochtho-
nous coarse-grained material, the sediment matrix contains small aggregates (<1 cm) of seemingly unaltered primary
loess (SU5.1) throughout the anomalous section. As the loess has been largely removed in this part of the AOI in 1926/27
AD, its patchy occurrence in the disturbed sequences testifies to its admixture before that time. Among the unusual con-
stituents found in the anomalous sections are also clearly anthropogenic ones: dispersed brick fragments, charcoal pieces
and human skeletal remains (Suppl. Table 2 in Supplementary Information in S1 File). The latter mainly occur between
235 and 280 cm in EN-RK 55, where they also coincide with the most organic-rich deposits, and in EN-RK 56 between
170 and 190 cm coring depth (Fig 3).

In the ERT profiles, the anomaly is reflected by a thinning of the low-resistivity capping deposits and an inflated thick-
ness of the high-resistivity segments below, likely due to the admixture of coarser material from SU2. In PG, the feature
is located approximately in the middle of the profile, while it starts at around 15 m profile length in P7 (Fig 5). The lower
boundary of the anomaly, however, is nearly invisible in ERT. Instead, high resistivity values of the coarse-grained depos-
its (>200 Qm) slowly grade downwards into the low values (<70 Qm) of the underlying Keuper mudstone (SU1).
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The evidence above suggests that the anomalous structure is an intentional pit created before 1926/27 AD, sunken
through SU5 to SU3 and the top of SU2. Within the pit, several human bones were laid down, plausibly even human bod-
ies, because the bone fragments found are also associated with a higher organic carbon content in the deposits, which
may be related to decomposed soft tissue. During the backfill process, the dug-off sediments were apparently put back
in a random, unsystematic way, mixing SU2 to SU5 material. Especially the incorporation of SU2 gravels into this backfill
sequence produces higher electric resistivities so that the pit stands out in ERT.

Based on the Pirckhauer prospection and the ERT results, we tentatively delimit the anomalous feature as follows (Fig 5): In
W-E orientation, it has a length of ~9 meters, with core EN-RK 55 positioned right at the center. In N-S orientation, the northern
margin is just one meter north of EN-RK 55, both in ERT and according to Plrckhauer prospection. Locating the southern mar-
gin was hampered by a blackthorn (Prunus spinosa) thicket, but the total length was confirmed to be> 15 meters.

4.3. Chronology

The pottery sherds and charcoal pieces sampled from occupation layers and archeological features during the coring
campaign can provide first chronological data and might reflect the settlement period of the former village Neuses
(Table 2, Suppl. Section 5.1 in Supplementary Information in S1 File). For three charcoals from cores EN-RK 21, 53
and 55, calibrated radiocarbon ages ranging from the 11* to the 13" century AD were obtained. One charcoal sample

Table 2. Compilation and sampling context of different chronological information from the study area.

Core Depth [cm] Lab code/ Layer Pottery 4C Bone cal AD (20) 4C Charcoal cal AD (20)

EN-... Inv. No.

RK 21 130 60284 occupation layer/feature - - 1169-1265

RK 25 119 22/220-9 occupation layer/feature PH - -

RK 27 65 22/220-3 occupation layer/feature LMA - -

RK 32 45 22/220-4 overbank deposit/occ. layer? PH-MA - -

RK 32 85 22/220-7 overbank deposit/occ. layer? PH - -

RK 35 80 22/220-10 overbank deposit/occ. layer PH - -

RK 38 36 22/220-1a colluvial deposit/occ. layer MA/ - -

MO

RK 38 36 22/220-1b colluvial deposit/occ. layer MO - -

RK 46 53 22/220-2 overbank deposit (BFS) PH — —

RK 47 41 22/220-6 overbank deposit (BFS) MA - -

RK 48 38 22/220-5a occupation layer/feature MA - -

RK 48 38 22/220-5b occupation layer/feature PH-MA - -

RK 48 55 22/220-8 occupation layer/feature MA - -

RK 53 40 60282 topsoil, truncated occ. layer - - 1035-1160

RK 57 45 22/220-11a topsoil/occ. layer PH - -

RK 57 45 22/220-11b topsoil/occ. layer MO - -

RK 55 154 60281 feature, possible mass grave - - 1038-1204

RK 55 260 60280/ feature, possible mass grave - 1302-1401 -
22/220-13

RK 56 180 65026/ feature, possible mass grave - 1301-1398 -
22/220-20

RK 56 243 65027 feature, possible mass grave - - 4447-4337*

Abbreviations for pottery: PH=Prehistory, MA=Middle Ages, LMA=Late Middle Ages, MO =Modern era. *For this sample, the cal BC scale applies,
instead of cal AD. For pottery finds and dated bones, the inventory number of the Thuringian State Office for Monument Preservation and Archeology

(TLDA) is indicated in bold. For radiocarbon samples, we state the MAMS laboratory code from CEZA in Mannheim (italics).

https://doi.org/10.1371/journal.pone.0337410.t002
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from the lower part of the anomalous feature in core EN-RK 56 at 243 cm gave an Early Neolithic age at ~4400 years
BC (Table 2) and was hence excluded from the main interpretation. We consider this piece of charcoal to originate
from the surface chernozem that was likely affected by well-documented Early Neolithic occupation in the immediate
area [77]. Therefore, we suggest that it was mixed into the sequence during the infill of the anomalous feature and
thus consider it as intrusive material. Out of the fourteen pottery sherds, seven pieces collected from cores EN-RK 27,
32, 38, 47 and 48 could be classified as (tentatively) medieval. The two bone fragments taken from the cores EN-RK
55 and 56 within the potential mass grave showed optimal overall and collagen preservation (C/N values of 3.2, col-
lagen contents of 4.4% and 7.3%, Suppl. Table 1 in Supplementary Information in S1 File), and they returned virtually
identical age ranges with 1302—1401 and 1301-1398 cal AD (20) (Table 2). A higher dating accuracy was hampered
by strong fluctuations of the radiocarbon calibration curve for this period [70] (Suppl. Fig 6 in Supplementary Informa-
tion in S1 File).

5. Discussion
5.1. Multiphase landscape evolution of the Neuses area (Late Pleistocene—Holocene)

Although numerical age control of the sedimentary sequence is limited, relative stratigraphy and pedological evidence
allow to propose a tentative model of landscape evolution in the Neuses area (Suppl. Fig 4 in Supplementary Information
in S1 File). We consider this kind of reconstruction to be essential for archeological prospection, because the construction,
preservation, and detectability of burial pits strongly depend on factors such as underlying stratigraphy, soil development,
ground moisture, and on later modification. Therefore, by embedding the search for the Black Death mass grave into its
landscape history, our prospection strategy is targeted more effectively and anomalous signals can be distinguished from
natural stratigraphic variation.

1. Older terrace formation and valley incision — After deposition of the Upper Middle Terrace in the late Elsterian,
on top of the Keuper remnant “Roter Berg” [48], multi-phased incision during the Saalian and Early Weichselian exposed
Keuper mudstones (SU1) along the slopes, most likely during climatic transitions [78].

2. Deposition of Lower Terrace gravels — The erosional surface at the foot of “Roter Berg” was subsequently covered
by Upper Pleistocene Lower Terrace gravels (SU2), generally assigned to the Weichselian Pleniglacial in Thuringia [48].
Well-dated fluvial archives in the wider region place the most intensive phases of deposition into MIS 4 and 3, again linked
to climatic oscillations [79-83].

3. Periglacial slope dynamics — Thereafter, slope deposition dominated the “Roter Berg” area, forming SU3 and SU4.
This is a clear indication for a destabilizing but still rather humid landscape, for which a lot of evidence exists in Central
Europe from ca. 40—45 ka (later Interpleniglacial/MIS 3) onwards, when a general cooling tendency can be observed
[84—86]. We consider SU3 to be a polygenetic periglacial slope debris that formed with the participation of (i) mass
wasting/active layer failure, preserving the original structure of reworked SU1, (ii) solifluction that mixed weathered
gravels from the Upper Middle Terrace with Keuper mudstone and early loess, creating massive and very poorly-sorted
sediments, and (iii) slope-wash that generated well-sorted interbeds of loess-like deposits. These processes are widely
attested in Central European mudstone landscapes during the Weichselian Pleniglacial [87—-89]. SU4, laminated slope-
washed loess, overlies SU3 with an erosional disconformity, implied by the accumulation of residual gravel directly at
their boundary. In Central and Western European loess areas, such deposits usually reflect landscape destabilization and
increasing loess input around the MIS 3/2 boundary [90-92].

4. Loess accumulation - SU4 grades upward into the massive primary loess of SU5.1, which records intensifying
aeolian activity under increasingly dry and cold conditions. In Central Europe, this main loess delivery phase occurred ca.
5. Renewed fluvial activity and gravel deposition — Following loess accumulation, renewed fluvial erosion exten-

sively eroded SU2-SU5.1 in the southwest of the study area, leaving a sharp lateral contact and depositing fluvial gravel
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(SUB) unconformably on SU1. SUG6 is distinguished from SU2 by its higher carbonate and gravel content, higher limestone
content, higher relative elevation and different sedimentary structure with indications of fining-up sequences (Fig 5; Suppl.
Figs 4, 5in S1 File; Supplementary Section 3.2 in Supplementary Information in S1 File). Its stratigraphic position and
character suggest correlation with latest Weichselian—Early Holocene gravels. In this youngest stage of Lower Terrace

6. Formation of soils and wetlands in the Holocene — Within SU5.1, chernozems (SU5.2) developed under relatively
dry climatic conditions, sufficient carbonate supply, distinctive bioturbation, and possibly the admixture of charred organic
matter from anthropogenic activity [98—102]. For Central Germany, a formation time from the Weichselian Lateglacial/
Early Holocene to about 6 or 5 ka BP is assumed [98,103]. In our study area, we identified a mosaic of mostly (haplic/cal-
cic) chernozems and degradation forms towards (luvic) phaeozems, probably shaped by variable land-use intensity since
the Early Neolithic (cf. [100,104,105]).

On top of SUB, a Black Floodplain Soil (SU7) was formed and/or deposited in the Gera floodplain and remains largely
exposed at the surface today. Similar, thick and clayey-humic fluvisols are documented in the Rhine, Main, and Weser
catchments, where they also formed on calcareous gravels of the latest Weichselian and earliest Holocene fluvial ter-
races during the Alleréd and Preboreal [106,107]. Elsewhere in Central Europe, Black Floodplain Soils are typically buried
under thick, clastic overbank deposits [74]. They are characterized by >30 cm of a clayey and highly humic solum, formed
either (i) by selective erosion of clay-humus complexes from surrounding chernozem plateaus, (ii) decomposition of in-situ
organic matter, or (iii) as gyttjas under water-logging conditions. Estimated ages for their formation usually range from the
Early Holocene to the Atlantic period [74—76,108,109]. For our study area, given the local topography, the loamy character
of SU7, and the persistence of wetlands until the mid-19" century, overbank deposition with contributions from organic
accumulation appears most likely for their formation.

5.2. Historical and archeological context of the potential mass grave

5.2.1. Successful (re)discovery of a Black Death mass grave?. The anomalous subsurface feature that we
detected contains human skeletal remains from different depths and segments (Suppl. Table 2, Supplementary
Section 5.3 in Supplementary Information in S1 File). Two bones, one from each of the cores EN-RK 55 and 56,
were subjected to radiocarbon dating (Fig 6). As the cores are about three meters apart, it can likely be ruled out,
that the same specimen was accidentally sampled twice. Therefore, the nearly identical dating results (1302-1401
and 1301-1398 cal AD) (Table 2) on the two bones not only strengthen the overall chronology, but also reflect a
contemporaneous burial of several individuals in the 14" century. The anomaly has the considerable horizontal
extent of 9 by >15 meters and a lower boundary at ~2.8 meters in the two cores. However, since SU5 is completely
missing in the surrounding cores (e.g., EN-RK 52—-54) due to soil removal in 1926/27 AD, the medieval surface at
this location must have been at least 0.7 meters higher than today (Fig 4). Therefore, we assume >3.5 m as the
original depth of the pit. This results in >470 m3 or about 750 t of material, assuming a cuboid shape and a bulk
density of 1.6 g/cm?3. The findings of multiple fragments of human bones within a sizable stratigraphic anomaly are
consistent with a densely-filled burial context, so that the interpretation as a mass grave seems plausible given
the historical background. The geographic position of the burial and the dating of the two human bones to the 14"
century — together with specific details from contemporary written sources on the timing (July 1350 to February
1351 AD), location (cemetery of Neuses) and high number of the burials (12000 bodies in 11 pits) during the Black
Death outbreak in Erfurt — potentially connects the identified probable burial context to this pandemic. However,
archeological, anthropological and archeogenetic verification still awaits an excavation in the near future. At the
current level of investigation, other forms of interments (e.g., an ossuary) [110] and also alternative causes of mass
fatalities which might have required multiple burials (such as climatic disasters, warfare, famine or other epidemic
events) [32,33,111] cannot be excluded.
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Fig 6. Documentation of human bones and their radiocarbon dates. A1 — Fragments of a longbone from EN-RK 55 (264 cm depth, TLDA Inv.No.
22/220-12), A2 — Fragments of cranial bones from EN-RK 55 (260 cm depth, TLDA Inv.No. 22/220-13), A3 — Bone fragments from EN-RK 56 (180 cm
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to radiocarbon dating. Calibration was done using OXCal v.4.4.2 and the IntCal20 curve (Reimer et al, 2020).

https://doi.org/10.1371/journal.pone.0337410.9006

With most of the documentation and all the skeletal finds from the 1926/27 mass-grave excavation being lost, the results of
our investigations (i) provide independent evidence for the presence of a dense probable burial context in a very similar posi-
tion (Fig 7) and (ii) chronologically attribute the timing of the burials to the 14" century for the first time. The spatial and chrono-
logical consonance of these findings with the detailed historical accounts therefore allow the tentative assumption that this is
one of the eleven Black Death pits that were previously described. Its expected dimensions are far above the average of other
contemporaneous ones in Europe, so that according to our knowledge only the burial pits in Thornton Abbey (GB) compare in
their extents, if not depths [21]. In Neuses, further exploration for the remaining ten specified plague pits would also allow to
directly assess the validity of the written sources regarding the explicit number of those pits and buried bodies.

5.2.2. Settlement patterns, cemetery location, and mass grave placement. According to Bolle [45,54], the church
of Neuses was built in the 12" century, while he places the foundation of the village slightly earlier, before 1100 AD.
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This is in agreement with our few '“C-dated charcoals, sampled from occupation layers across the AOI, and the age
determination of the pottery sherds (Table 2). While evidence for activity in the High and Late Middle Ages is present in
our data, clear indication for Early Medieval activity is lacking so far. The position and spatial organization of the former
village located next to the churchyard seem to be linked with the border between the two pedogeographic zones in the
AOI and their extents (Fig 7). Considering the findings of the two excavations in 1926/27 and especially in 2012, all the
archeological features and structures that could be related to Neuses are situated within the Chernozem zone, whereas
only a few single finds have been made in the Black Floodplain Soil zone as per our definition [45,55,56]. Up until the
mid-19" century, wetlands stretched in the area south of “Roter Berg”, where in places, peat was cut and stagnant water
surfaces existed [47,112]. Correspondingly, it appears that Neuses was situated entirely on the higher and drier ground of
the loess area with fertile chernozem soils, but on the margins of the wetter lowlands that extend in the distal River Gera
floodplain. A valley edge position of the former village had already been suggested by Bolle [45] and is consistent with
the findings of the 2012 excavation [56], but it can now be substantiated and clearly localized, based on our findings. The
evidence suggests that the former village of Neuses was aligned both with the “Weg zum Roten Berg”, as seen for the
orientation of the former cemetery wall (Fig 7, Supplementary Section 5.2 in Supplementary Information in S1 File), and
with the natural situation, i.e., with the margin towards the Black Floodplain Soil zone. According to our results, not only
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the village itself, but also the regular cemetery and the Black Death mass graves were confined to the Chernozem zone,
while the adjacent floodplain areas apparently remained unsuitable and largely unused.

The timing of the village’s demise and abandonment cannot be determined easily on the basis of historical documents
[45]. In 1354, Neuses was last referred to as ‘villa’ (approx. ‘village’) in written sources, while in 1516 it was described as
“long-since abandoned”, whereas the church was still standing until the end of the 17" century. Bolle [45] postulates that
it was most likely deserted between 1354 and the middle of the 15" century. Our own chronological information on that
matter is sparse, but the dates for the occupation period seem to cluster in the High to Late Middle Ages with no clear
indication for activity in the 15" century and beyond (Table 2). Largely the same can be said for the preliminary age deter-
minations during the 2012 excavation [55,56]. Bolle’s assessment can therefore be broadly confirmed by the chronological
data that was obtained recently, even if a more precise time frame of the event is still not established.

The choice of Neuses as a burial location for the Black Death casualties of Erfurt may also provide clues about the timing
of the village’s decline. In principle, consecrated ground in nearby villages would have been preferable for emergency inter-
ments, allowing at least partial adherence to Christian burial conventions [113,114]. Given the urgency of the situation and the
limited workforce, however, it is striking that Neuses—located ca. 5 km from the city—was chosen instead of a more proximal
site. A likely explanation is that Neuses was already in a state of decay by 1350, though not yet fully abandoned, which would
have meant that the cemetery remained consecrated and available while offering sufficient unused space for mass burials.

In addition, written sources reveal that Erfurt’s city council held the patronage rights for the parish church of Neuses [54]. The
council, advised by medical scholars, had resolved to dispose of the plague dead in specially-excavated pits [46] which appar-
ently could only be carried out on lands directly under its authority. Taken all together, the archeological, pedogeographic, and
historical evidence suggests that Neuses was selected as a burial site not by coincidence, but because its still-consecrated
cemetery, political subordination to Erfurt’s council, and location on dry chernozem soils provided both the authority and the
practical conditions necessary for laying out large-scale plague graves. Future work, including the excavation of the potential
mass grave, a detailed analysis of the 2012 excavation and continued study of the written sources, will allow to refine this
hypothesis and assess how site selection related to the broader history of Neuses and its eventual desertion.

6. Conclusions

The outbreak of the Black Death in Erfurt and the supposed mass graves situated outside its city walls in the village of
Neuses are unique on a European scale: Dense historical accounts, together with preliminary 20" century archeologi-
cal findings, allow for a targeted and systematic prospection for a mass grave related to the second plague pandemic.
Building on the existing data, our main objective was to detect a mass grave in Neuses so that material for dating and
later genetic and anthropological studies could be obtained. To that end, we chose a prospection approach using elec-
trical resistivity tomography and percussion coring. The results helped unravel the natural stratigraphic situation, which
could vertically be subdivided into seven stratigraphic units, while spatially, two distinct pedogeographic areas could be
identified: A Chernozem zone and a Black Floodplain Soil zone, the latter still being wetlands in medieval times. As these
wetlands apparently remained unoccupied back then, this information also provided valuable insights into the positioning
and internal organization of the former village and cemetery. The discovery of the potential mass grave was decisively
facilitated by the obtained pedostratigraphic knowledge, which helped to better recognize slight deviation against the nat-
ural background. Two human bones from a detected potential mass grave structure were AMS radiocarbon-dated to the
14" century, reinforcing the assumption that both, the previously and recently found mass graves can indeed be related to
the Black Death. Our findings also illustrate why conventional expectations about geophysical methods cannot be gener-
alized: in Neuses, GPR failed due to the presence of fine-grained deposits, whereas ERT, in combination with sediment
coring, proved decisive. This underscores the value of adapting prospection strategies to site-specific depositional con-
ditions and embedding them in a broader geoarcheological framework. In particular, this applies to similarly challenging
environments where, as in the present example, dense vegetation and strong ground modification impair the detectability
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of features. To our knowledge, this study, based on close collaboration between the geosciences and the humanities may
constitute the first discovery of an unmarked probable Black Death burial context, identified through systematic prospec-
tion. As a subject of research, the history of the Black Death, especially in light of the encouraging results achieved
through this collaboration, once again demonstrates its fertility in advancing an interdisciplinary history of the human past.
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