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Abstract

:

This study evaluates the reasons for the different content of eight selected elements, Cu, Pb, Zn, S, K, Na, Ca and P, in the upper sections of soil profiles covering mass graves in southeastern Poland. The burial sites include 18 mass graves from World Wars I and II, an active parish cemetery, an old kirkut (Jewish cemetery) and, as a comparative site, a forest nursery. Chemical analyses were carried out using atomic absorption spectroscopy. Among the elements were P and Ca, which dominate in the soils covering the burial sites from World War II. Higher amounts of the elements analysed were found at sites where many people were buried in a small area. The burial sites dug in pure sand revealed a lower content of the elements analysed, particularly Ca and P. In places where human ashes were scattered, Ca and P prevailed. The comparative site, a wet forest margin, is characterized by low levels of S and relatively higher amounts of Ca and P. In the soils covering World War I graves P, in particular, prevails over Zn, Pb and Cu. Differences in the concentrations of the elements studied depend on the type and age of the burial site, the type of soil, the slope gradient and water content prevailing at the site and the proximity to mass graves and cemeteries found close to each other.
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1. Introduction


Favourable carbon (30), nitrogen (3) and phosphorus (1) ratios noted for vertebrate bodies encourage rapid degradation of corpses [1,2]. Other factors also affect decomposition [3]: (i) growth of microbes and their activity; (ii) availability of carbon, nitrogen, phosphorus and sulphur; (iii) a high water content of a corpse; (iv) neutral pH conditions; (v) warm temperatures; (vi) well-drained soil; and (vii) burial practice—depth of the burial, construction and material of the coffin, etc.



The ratio of organic to inorganic phosphorus in soils varies with depth. Down to approximately 20 cm of the soil profile, organic-bound phosphorus, i.e., the phosphorus associated with plant debris and soil organic matter, comprises 75% of the total P content. Below this humus-rich layer, the contribution of organic phosphorus rapidly decreases [4]. Phosphorus is concentrated in soils in the same places as organic matter [5,6,7,8,9]. Phosphorus may leach rather quickly in sandy soils containing low amounts of other elements stabilizing phosphorus [10]. In contrast, in weakly permeable soils, e.g., loamy varieties, P migrates downward to a maximum depth of 40 cm, even with intensive fertilization and watering [11].



Inorganic phosphorus is also adsorbed, particularly on the surfaces of clay minerals where ion complexes form [12,13,14,15]. Phosphate ions are bound to clay minerals where they replace hydroxyl ions (OH−). In the initial stage of the exchange, thin layers of phosphates cover the surfaces of clay minerals. It is at this stage that the phosphate anions are again replaced by hydroxyls, and for a period of time, both anion types remain in equilibrium [16]. Over time and with higher amounts of phosphates, the latter build more stable, crystalline structures also containing Fe and Al [15]. In the presence of Ca2+, calcium phosphates are formed irrespective of the pH of the environment [17]. Thus, the existence of calcium cations prevents the leaching of phosphate anions.



Such a regular phosphorus distribution in soils may be affected by the presence of numerous burial sites, as phosphorus is a natural component of bones [18,19,20]. This study focuses on the elements Cu, Pb, Zn, K, Na and S, as well as on Ca and P, which form can accumulate as a result of the demineralization of bones and can be found in soils covering burial sites. The released phosphorus reacts with the available metals and forms phosphides, which represent the third state of oxidation.



Sulphur is another element that controls the process of bone decomposition. Considering the presence of many elements in the burial environment, including elements derived from decomposing corpses, new compounds may form in the soil, such as metal sulphides and hydrogen sulphide [21]. This study limits its investigation to S and several elements that can form compounds with S, i.e., Na2S, CuS and PbS.



For two mass graves in Rwanda, Amuno and Amuno [22] studied the environmental distribution of a range of nutrients and trace elements, expressed as oxides (SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2 and P2O5). They originated from either the environment (e.g., Fe2O3, SiO2 and Al2O3) or from mass graves (e.g., Na2O, K2O and P2O5) [23].



This study concentrated on determining the reasons behind the variability of eight selected elements, i.e., Cu, Pb, Zn, S, K, Na, Ca and P, in the upper parts of soil profiles covering mass graves. Altogether, 18 sites were examined, with mainly mass graves from World Wars I and II (further referred to as WW1 and WW2), a parish cemetery, a kirkut (a Jewish cemetery) and a reference site without any graves. Particular attention was given to the element type, age of the burial site, type of soil, field gradient of the site, water balance within the burial horizon and spatial relationship between burials from various time periods.



The results of investigations of mass graves from WW1 and WW2 were compared with those obtained from studying parish cemeteries with military mass graves from WW1 and, to a lesser degree, those without such mass graves.




2. Study Area


Soil samples were collected from mass graves from World Wars I and II in southeastern Poland (Figure 1; Table 1), in which mostly fallen soldiers were buried. This area is located in the Western and Eastern Carpathians and their Foreland (the Sandomierz Depression). The samples were collected from 20 cemeteries and a reference site. Each sample is representative (to the best of the author’s efforts) of the given cemetery at a depth of approximately 20 cm. If a cemetery was located in a flat lying area, the sample was taken from its centre, but if a burial site was located on an incline (e.g., in Łużna, Hunkowce, Lesko, Przemyśl and Zbylitowska Góra), the sample was taken from its lowermost part in the line of water flow from the cemetery (Table 2). The sample was the collected part from several pits in the line of a mass grave situated on a hillslope. During the sample preparation process, the material was air-dried, shredded and sieved to <2 mm in diameter.



The studied grave sites from World War I (WW1) are situated in Bierówka near Jasło, Rajbrot near Żegocina, Łużna and Tarnów-Chyszów, and those from World War II (WW2) are situated in Dukla, Pustków, Rzeszów, Baligród, Przemyśl and Hunkowce (Slovakia) (Figure 1).



Soldiers of various nationalities and fighting armies were put to rest side by side in the studied graves from WW1. During WW2, soldiers from both sides were buried separately in almost all cases, for instance, the Soviets in Rzeszów, Dukla and Pustków, Polish Soviets in Baligród, and Germans in Hunkowce and Przemyśl. Only in a few cases, mainly those concerning executed civilians, did their burials take place at local cemeteries that existed at the time, e.g., in Rymanów.



During WW1, war cemeteries were only occasionally located within parish cemeteries, for instance, in Nowy Żmigród or in the vicinity of Jewish cemeteries, such as in Brzesko. Additionally, this study also considers the effects of neighbouring burial sites from various time periods, for instance, a small parish cemetery located close to mass graves from WW1 and WW2 in Dukla. Other sampling sites included large-scale graves of executed civilians in Bór, north of Rzeszów, and Zbylitowska Góra on the Dunajec River near Tarnów. Another set of samples represents places of mass extermination in Oświęcim (Auschwitz-Birkenau) and Pustków, where the ashes of burned people were scattered. Unknown volumes of these ashes were strewn over the land located approximately ten to more than forty metres from the furnaces where the corpses were incinerated. In such a case, a sample was collected from the central part of the area where the ashes were scattered. The ashes were also distributed over more distant, neighbouring fields (Auschwitz-Birkenau and Pustków) and disposed of in the Vistula River (currently Oświęcim) (Table 2). Two non-military cemeteries were also sampled: a Jewish site in Lesko and a present-day site in Niedzieliska, north of Brzesko. For comparison purposes, the soil of a forest nursery (with no graves) in Baczków near Bochnia was included on the list of samples studied as reference material.



The selected burial sites represent landscapes typical of southeastern Poland. The group of grave sites situated at a slightly inclined elevation includes those in Bierówka, Rajbrot, Brzesko and Przemyśl (Table 2). The water table under these mass graves lies very deep underground and is unlikely to have ever reached the surface. The permeability of these burial sites is slightly variable. In the sands of Rajbrot and Brzesko, this parameter is high, and in the silts of Bierówka and Przemyśl, it is slightly lower (Table 3). The upper parts of the profiles of these grave sites in the open area are dry or are slightly moist during periods with no precipitation.



The lower parts of the Carpathian hillslopes are occupied by grave sites in Łużna, Hunkowce and Rymanów, and it is only a large kirkut in Lesko that extends from the top of an elevation to the bottom of the valley or to a scarp on its hillslope. The burial sites situated on the slopes of variable-size inclinations in Łużna and Hunkowce are covered by shallow loam layers containing large amounts of rock rubble. The cemeteries in Lesko and Rymanów were established atop silty loam and heavy loam of variable thickness (Table 3). The groundwater table under these grave sites rests at a depth of a few metres. Samples were taken from the lower parts of these cemeteries (Table 2).



Mass graves situated on hillslopes that were flattened are represented by two sites in Dukla and one at the cemetery in Nowy Żmigród. The two grave sites of soldiers from WW1 and WW2 in Dukla are situated near each other and, at the same time, downslope of the parish cemetery. Additionally, the gravesite from WW1 lies partly along the line of water flowing from the WW2 gravesite. The area surrounding these grave sites was heavily disturbed during the construction of the cemeteries and a local access road [24]. Heavy loam mixed with construction debris was found there during a sampling campaign (Table 3). The surface of the mass grave from WW2 is divided into sections and covered with fine gravel, whereas the grave site area from WW1 has been planted mainly with grass. The grave site from WW1 in Nowy Żmigród occupies a marginal part of the cemetery situated on a gently rising hillslope. This part of the cemetery lies in a flat area that transitions westwards (in the direction of the Jasło–Nowy Żmigród road) into a gently inclined hillslope and later a more strongly inclined hillslope (Table 2). The grave site area is covered with medium loam containing many fragments of sandstone (Table 3). It is dry and compact in precipitation-free periods.



Sites of mass graves situated at the rear of the studied scarp (but at various distances from it) in Pustków, Rzeszów and Baligród, and in the cemetery in Niedzieliska, were also sampled. Another type of landscape was represented by samples taken from the lowermost section of the mass grave at the bottom of a periodically drained valley in Zbylitowska Góra (Table 2). This valley intersects a landslide front of the Pleistocene terrace of the Dunajec River. Waterlogged fine gravels underlie the upper, silty part of the profile. A mass burial site for Soviet soldiers killed during WW2 and Polish soldiers killed during battles with troops of the Ukrainian Insurgent Army (late 1940s) is situated at the rear of a four-metre-high terrace of the Hoczewka River. The fallen soldiers were buried within alluvial clays (Table 3). The surface of the grave site was divided with low concrete walls into sections, subsequently filled with medium loam carted in from outside the grave site. In turn, the cemetery in Niedzieliska was established on a sandy plain that transitions downward as a 1.5-metre scarp towards a road and local village houses. The water table in the cemetery well is at a depth of approximately 2 m and rises towards the fore-scarp area. Under these conditions, coffins were buried at a depth of approximately 1.5 m. The ground of the burial sites is therefore often moist due to the presence of capillary water in the sand. The mass graves of Soviet soldiers in Pustków are located on a forested, sandy plain intersected by a road close to the site and those in Rzeszów are located on a high, sandy terrace of the Wisłok River (Table 2). Sections of both grave sites were lined with low concrete walls and filled with sand brought in from the surrounding area. The water table level cannot be high, as it is controlled by the deep road incision in Pustków and the rear side of the scarp in Rzeszów.



Some mass grave sites were established on vast river terraces: in Tarnów-Chyszów and Auschwitz-Birkenau, as well as on a plain of the Kolbuszowa Plateau in Bór. These terraces are highly variable, both vertically and laterally. Silty loams occur in the upper parts of the profiles in Tarnów, whereas in Auschwitz-Birkenau, there are black-coloured soils rich in humus but showing patches of whitish zones, which are probably associated with the presence of incompletely burned bones (Table 3). The groundwater tables within these river terraces are shallow and often oscillate following the level of water in the ditches draining the area. The third grave site mentioned, a mass grave of 3000 Jews, is situated in the forests of Bór on a sandy plain close to another burial site dug within the slope of a dune. The site is surrounded by a low concrete wall, approximately 20 cm high, and has become overgrown with decorative shrubs. The sands of the upper part of the profile are brownish, which suggests an admixture of clay minerals (Table 3). Downslope, the colour of the sediments in the profile changes to ash-grey, and then finally, the golden colour of pure sand. Near this site in Bór, at a distance of 8–20 m, lies a shallow drainage ditch. The groundwater table is shallow, and its level frequently oscillates.



The site selected for comparison purposes occupies a natural depression in a terrace of the Raba River in Baczków and is situated close to woodland areas and is utilized by a forest nursery in Niepołomice Forest. The area is periodically flooded. In the dry period when the study was conducted, the upper part of the profile was slightly moist. The sand at this site is brownish and beginning to turn yellow at a depth of 10 cm. In addition to the seedlings of the forest nursery, moss grows in the area.



The study was carried out in May–July 2002. The annual rainfall in Cracow in 2002, totalling 744 mm, was slightly higher than the 1951–2004-period average of 670.4 mm [25]. The share of rainfall during these three months of 2002 in the annual total for 2002 (41%) was slightly higher than the multiyear average (39%). Fluctuations in the groundwater level were associated with multiple summer storms, whose number depended strongly on geographic location. The number of afternoon storms may be given as 15 on average. Approximately 6–8 days without rainfall were noted. In the remaining days, only occasional showers appeared. Intensive storms followed by local inundations occurred in June.




3. Methods


After exposing a given soil profile, the organic-rich layer/s Ao and/or A1 was/were removed, and soil samples were collected from an undisturbed layer situated below the organic-rich layer/s using a spatula. The depth of sampling was approximately 20 cm. At sites where the organic horizon was thick, e.g., in forests, deeper samples were collected but followed the same procedure (i.e., from an undisturbed layer beneath the organic layer). The minimum weight of the soil was approximately 20 mg.



Chemical analyses of the collected samples were performed at the chemistry laboratory at Jagiellonian University in Cracow.



The samples were stored in a refrigerator and later in liquid nitrogen. When preparing analytical samples, the soil was dried in a laboratory at 30–35 °C and later crushed by hand. Final crushing and grinding to a grain fraction of 0.2 μm was performed using a Fritsch ball mill. Next, the material was dried following standard procedures. Twenty milligrams of soil sample were accurately weighed into a plastic screw-top tube. The elements contained in the soils were extracted with aqua regia (concentrated HCl and concentrated HNO3 vol/vol 3/1) in a microwave-heated pressure digestion system. Merck "Suprapur" purified acids were used. Lanthanum oxide was also used to eliminate chemical interference. The extraction efficiency was evaluated by regularly analysing the in-house reference soil samples. The sample was heated until dissolved at 220 °C in PFA and allowed to cool. Upon cooling, the sample was diluted using distilled water. The unit was equipped with a Perkin-Elmer FIAS flow injection system. Chemical analyses of the selected elements were carried out using an atomic absorption spectroscopy (AAS) Perkin Elmer model Analyst 300, with a graphite furnace option (GFAA), including a 6-lamp lamp turret, PC and Winlab software. The standards available from Perkin-Elmer are described in a brochure entitled PE Pure Standards for Atomic Spectroscopy, which is available from Perkin-Elmer as Reprint PEX-AA50B [26,27].



Redox potential (Eh) was measured using platinum electrodes (Pt). The pH measurements were performed in a solution of 1 N potassium chloride (KCl).



The rH value was calculated on the basis of these two values (Clark’s scale). It determines the oxidation–reduction potential, similarly to the measured redox potential. It was calculated according to the formula rH = Eh + 0.059 pH/0.03. Their values range from 0 to 42. If they are less than 15, the environment is considered reductive. Values greater than 25 indicate oxidation.



The results of the research were grouped using cluster analysis and Statistica software. The clustering of the eight elements mentioned in relation to their content was carried out according to the Ward criterion using Euclidean distance matrices in the calculations. Another approach to clustering using Statistica software involved taking into consideration all the grave sites and elements studied and grouping the grave sites against the content of the selected elements. This clustering also followed the Ward criterion with the Euclidean distance matrices in the calculations.




4. Results


The clustering of the eight selected elements according to their content permits their division into three groups and Auschwitz-Birkenau (Figure 2).



A small group consisted of graves in Dukla (2,3) and Zbylitowska Góra (8) where a large number of people had been buried. The latter site serves as the burial site of about 10,000 people, while the number of soldiers buried at Dukla remains undetermined. In the adjacent valley of death about 100,000 soldiers lost their lives. Both sites are known for clay in the underlayer. At Dukla it is heavy loam, while at Zbylitowska Góra it is silty loam and gravel (Table 3).



High values of rH (25–31.1) and high concentrations of the studied elements were noted for Dukla. This site is located close to a WW1 cemetery and downslope of a parish cemetery and is characterized by the presence of construction material rubble and metal armament fragments scattered across the loam.



Auschwitz-Birkenau is very different from the rest of the sites in the studied group and is noted for the highest concentrations of elements such as Ca and P, but not Cu and Pb and Zn (Table 4). At this site, human remains were scattered across a sand river terrace also found at some of the other studied sites: Rajbrot, Brzesko, Pustków and Bór. Drainage ditches are found in close proximity to the former crematoria, and the groundwater level rises during flood periods. Increased humidity in the vicinity favours the reduction of chemical compounds and their migration [28]. Lower values of the rH index for Przemyśl (between 15 and 25) point to variably moist conditions (Table 5).



Increased humidity also occurs at Hunkowce, Rymanów and Żmigród Nowy due to their location at the foot of a mountain. The most humid conditions are observed at Baczków, where water collects periodically in area depressions. In the largest studied group, the likelihood of finding the studied elements is high in individual subgroups. For example, small similarities exist between graves located in sandy formations across a local flatland in Rajbrot (6) and an expansive plain around Tarnów (7). The same pattern holds for Niedzieliska (9), Bierówka (12), Rzeszów (20) and Bór (21).



The lowest concentrations of the examined elements were found for relatively impermeable soils (e.g., loams and clay-rich sands) (in reducing environments), as proven by an rH value of < 15 in Bierówka (e.g., P—8.9 mg/kg; Ca—12.3 mg/kg) and Brzesko (e.g., P—27.2 mg/kg; Ca—29.9 mg/kg). In turn, the cemetery in Łużna is located on a hillslope with a variable profile. The locally flat parts of hillslopes may be temporarily moist and result in rH values below 15.



Among the elements considered, Pb occurs in the lowest quantities (Table 4). Its maximum (25.4 mg/kg) level was noted in Baczków, although this was four times less than that of Zn (112.4 mg/kg) in Dukla WW2 or Cu (85.4 mg/kg) in Dukla WW1 (Figure 3).



A relatively higher Pb and S content is associated with places containing accumulations of human ashes close to the Auschwitz-Birkenau crematorium (10.3 mg/kg; 42.1 mg/kg), mass graves of civilians in Bór (5.9 mg/kg; 82.7 mg/kg) and military graves from WW2 in Rzeszów (5.4 mg/kg; 85.3 mg/kg), Dukla (10.3 mg/kg; 10.9 mg/kg) and Zbylitowska Góra (9.0 mg/kg; 19.4 mg/kg). The highest Pb and S amounts were determined at sites with different lithologies, both in sand in Bór and silt underlain by gravel in Zbylitowska Góra. Periodically, these places become more humid. At several sites, the contents of Pb and S shows very low values, e.g., the military graves from WW1 in Bierówka (0.1 mg/kg; 1.9 mg/kg), Nowy Żmigród (3.4 mg/kg; 8.4 mg/kg), Rajbrot (4.0 mg/kg; 4.9 mg/kg) and the cemetery in Niedzieliska (1.2 mg/kg; 1.6 mg/kg). The content of Pb yields very low standard deviation values (Table 4). Such results point to the possibility of various lead sources. This element can originate either from ambient air (vehicle fuel-derived Pb), if the grave site is situated in a larger town and close to a busy road, e.g., in Rzeszów, Hunkowce, or from fragments of rusting crosses scattered on graves (Figure 3).



It is easier to explain the reasons for higher concentrations of Cu at grave site environments. Relatively higher amounts have been found in soils covering WW2 graves, e.g., in Dukla (WW1—85.4 mg/kg; WW2—59.4 mg/kg). The content of Cu (245.4 mg/kg) is very high in Baczków (reference site). On the other hand, the sulphur content at this point is low, which is only 3 mg/kg. A high Cu content in Baczków can be associated with cutting and planting tools and other devices used in preparing and running the site as a forest nursery.



Sodium clearly dominates in Auschwitz-Birkenau (155.4 mg/kg) and correlates with high amounts of S—approximately 42.1 mg/kg (Figure 4). At the remaining sites, the content of Na is much lower, for instance, in Dukla (WW2—85.3 mg/kg; WW1—92.2 mg/kg), Zbylitowska Góra (WW2—59.4 mg/kg), Pustków WW2, ashes (56.4 mg/kg) and the reference forest nursery in Baczków (55.1 mg/kg).



A certain pattern of the Na distribution among grave sites was established: its higher content corresponds to higher numbers of people buried within a relatively small area, and this was observed for Auschwitz-Birkenau, Dukla, Pustków (ashes) and Zbylitowska Góra. Slightly lower Na amounts seem to be associated with the burial sites from WW1, particularly in Łużna (46.0 mg/kg) and Nowy Żmigród (52.3 mg/kg). Among the elements investigated, Na exhibits an average content and average standard deviation (Table 4). The K content is also much lower in WW1 mass graves, e.g., in Łużna (3.02 mg/kg), Rajbrot (3.03 mg/kg) and Tarnów (2.02 mg/kg).



Phosphorus dominates grave sites from WW2, e.g., in Auschwitz-Birkenau (952.25 mg/kg), Dukla (298.36 mg/kg), Zbylitowska Góra (524.36 mg/kg), Hunkowce (241.01 mg/kg) and Rymanów (202.36 mg/kg). Only at a few sites from WW1 (Dukla (386.99 mg/kg) and Nowy Żmigród (106.36 mg/kg) is the content of P comparable with that from WW2 (Figure 4). Higher amounts of the P in question should be attributed, first of all, to the large numbers of victims buried there (Table 3).



Ca content is many times higher close to the crematories in Auschwitz-Birkenau (1025.52 mg/kg) than at the remaining cemeteries, whereas the sample from Dukla, the next lowest ranked, contains only 100.2 mg/kg Ca. The results, particularly those concerning Ca, are highly variable, as indicated by relatively high standard deviation values (Table 4). The soils of the Dukla grave site and of the comparative site in Baczków follow the same pattern in the ranking of Ca: the calcium content was ten times lower at these two sites than at Auschwitz-Birkenau (about 100 mg/kg) (Figure 4).



The highest concentrations of Ca and P characterize grave sites from WW2, while such relatively high concentrations are only found in the case of two grave sites from WW1, i.e., in Nowy Żmigród and Dukla. These two sites are situated, however, close to other burials. Low levels of P, except for the burials from WW1, were determined in areas where human ashes accumulated during WW2 in Pustków, in the kirkut in Lesko, in the parish cemetery in Niedzieliska and in the mass grave of Soviet soldiers in Pustków. As these grave sites are located within morphological scarps, the decomposition products became transported downward and beyond the burial sites.



The clustering of the grave site based on the total content of the eight considered elements allowed three groups of burial sites to be distinguished, plus a single case of accumulation of human ashes in Auschwitz-Birkenau (Figure 2 and Figure 5). Close to the Auschwitz-Birkenau crematory sites, the elements P and Ca prevail, as they make up almost 86% of these eight elements, whereas the contribution of Zn, Pb, Cu and S is only 3%. The remaining 7% is made up of Na and K (4%).



The second group consists of the graves from Dukla and Zbylitowska Góra, where Ca and P constitute about 60% in Dukla (WW2, WW1) and 75% in Zbylitowska Góra of the elements, whereas Cu, Zn and Pb account for approximately 26% in Dukla and 12% in Zbylitowska Góra, respectively.



More grave sites belong to the third group, including subsequent burial sites, which represent burials from WW2 in Rymanów and Hunkowce, from WW1 in Nowy Żmigród and the reference site in Baczków. In these places, the contribution of Cu, Pb and Zn varies; for example, in Baczków—50%, Nowy Żmigród—30%, Rymanów—13.2% and Hunkowce—12%. The share of Ca and P varies as well, from 38% in Baczków, approximately 50% in Hunkowce and Nowy Żmigród and 68% in Rymanów.



The fourth group mainly belongs to grave sites from WW1. The remaining sites in this group include the Jewish cemetery in Lesko that was unused after 1945, the parish cemetery in Niedzieliska and six mass graves from WW2: Bór, Rzeszów, Baligród, Przemyśl and two from Pustków. The fourth group is the most diversified given the contributions of the elements considered. At the grave sites in Rajbrot (WW1), Brzesko (WW1) and Bierówka, (WW1), the contribution of Cu, Zn and Pb is low, approximately 5% (Figure 5).



The contribution of P varies widely, from 14% in Bierówka to 67.8% in Rajbrot (Figure 5). In the nine places examined, the share in each case amounts to approximately 20%.



Large graves from WW2 contain low contributions of S and high contributions of P, with a considerable contribution of Ca, particularly in Auschwitz-Birkenau (44.5%), Dukla and Baczków (reference site). In the remaining sites from WW1, the contribution of P is also significant, for instance, reaching 52% in Tarnów, including a relatively higher content of Cu, Zn and Pb of approximately 21%, and in Bierówka and Rajbrot reaching 5%.



The grave sites from WW2 reveal the highest diversification of elements. The contribution of P is relatively higher, e.g., in Auschwitz-Birkenau (41%), Zbylitowska Góra (65%) and Dukla (43.6%). Only in a few cases (e.g., in Pustków and Przemyśl) are they significantly lower (21.3% and 21.5%, respectively). The contributions of Cu, Zn and Pb in Auschwitz-Birkenau are quite low (1.2%), because the Nazis burned undressed corpses.




5. Discussion


Phosphorus dominates in soils covering burial sites originating from World War II, which represent a transitional stage of bone decomposition. The leaching of phosphates from the soil into groundwater is independent of soil type, except for predominantly sandy soils, and land-use type [29,30]. The very strong bonding of phosphate anions by soil colloids as a result of ligand exchange reactions is a significant cause of phosphorus immobilization [31]. It is the basis of the phosphate method that is applied worldwide in non-destructive archaeology to locate the presence of human dwellings and determine their range. Moldenhawer [32] stressed that 80% of phosphorus does not leach from the soil. According to archaeologists, the concentration of this element does not depend on the age of the site but on the duration and intensity of land use by its inhabitants [33].



High concentrations and shares of P and Ca found in the soils close to the former crematoria of the Nazi concentration camp in Auschwitz-Birkenau are associated with ashes and bone fragments that were not completely incinerated because of the hasty nature of the burning.



Low levels of P and Ca were found in most of the graves situated in sandy soils, e.g., in Pustków, as a result of the low amounts of adsorbing clay minerals in such soils and the strong leaching of phosphate anions. The low levels of S in the soils in Bierówka and Niedzieliska, combined with levels of P and Ca that are relatively higher than the content found at other burial sites from WW1, are probably the result of efficient drainage in these two areas. Investigations in Niedzieliska were carried out at a small and still active cemetery situated atop a sandy elevation close to the top of its scarp. Thus, the depth of the water table within the cemetery is usually approximately 2–3 m. Equally deep is the water table level at the small WW1 military cemetery in Bierówka. The two mass grave sites differ in terms of the time of their establishment, duration of use, various types of burials performed there and different geographical location. Similar differences in the number of burials, soil characteristics and type of materials used in the construction of coffins, which determine the content of trace metals in the soils, have been previously described for other locations [34].



The presence of heavy metals, particularly at the WW2 sites, is associated with the victims’ personal belongings (except at the concentration camps in Auschwitz-Birkenau and Pustków) and fragments of weaponry and military equipment (for instance, knives and mess tins). It is highly probable, according to reports of witnesses, that the corpses of executed Jews, e.g., in Bór and Zbylitowska Góra, contained metal objects, including Cu as well as other metals. The bullets used by firing squads, military equipment and fragments of armaments and smaller arms are other sources of heavy metals. During this sampling campaign, a rich inventory of metal objects and their fragments was found, even outside the official burial sites. Such artefacts, e.g., mess tins, helmets, bayonets, shells, shell splinters, unexploded shells and spent cartridges, are made of iron and a variety of other metals [35,36,37]. An undetermined part of the chemical elements found in soils covering the graves must have been released from just such metal objects.



In WW1, fallen soldiers were usually buried twice: after the battle close to the place of their death and later—after exhumation—at official military cemeteries. Although private items were mostly handed over to the families of the dead, part of their personal metal equipment was buried. A characteristic feature is that the fallen soldiers of WW1 were often killed hand-to-hand, mostly in bayonet fighting. For this reason, there are usually few shells in their bodies or in cemetery soils. Another source of some metal elements in the soil of mass graves is medals, usually cast-iron crosses. The soldiers of WW2 were much better equipped, and as such, the weight of the metal armaments, rich in various elements, was incomparably higher per combatant than in WW1. The delivery of these elements into the environment extends the bone decomposition process and retains the decomposition products in the burial environment and its vicinity. A study on the number and origin of all heavy metals typically found at these sites is another issue under consideration.



Relatively higher contributions of Cu and P were found in soils covering the mass graves from WW2 and, rather exceptionally, in the case of two WW1 mass graves in Dukla and Nowy Żmigród. These exceptions are related to the morphology of the burial sites. The WW1 mass grave in Dukla is situated close to and partly downslope of the currently used parish cemetery and a mass grave from WW2 [38]. In turn, the WW1 mass burial site in Nowy Żmigród is enclosed on three sides by the graves of a communal cemetery. Therefore, in cluster analyses, the differences between these two WW1 cemeteries and WW2 burial sites are insignificant.



There is clearly more P and Ca content at WW2 burial sites, even in environments with a siliciclastic geology, especially at sites where many people were buried in a small area, and the breakdown of hydroxyapatite from human bones continued in the course of the study period. An additional source of carbonates in such places was related to the fact that the Germans, and after the war the Poles, had sprinkled these places with lime. It favoured the retention of bone decomposition products. This issue should be taken into account in the future development of such places. This means that subsequent burials in such places will intensify the chemical processes taking place in the soil, which will increase the diversity of decomposition products and may contribute to an increase in environmental pollution (groundwater). For this reason, places for burials should be chemically identified in advance.



In the soils covering the graves studied, samples were taken below the humus layer. However, due to excavation, the substrate of the burial sites is mixed. The presence of even a small amount of humus, e.g., in sandy soils, increases the content of phosphorus [39]. A much higher content of calcium phosphate occurs also in other soils, such as rendzinas and black earth [40]. A similar rule applies to soils with a high pH. In my studies conducted in the dry period, the pH values did not vary significantly. Only at the Baczków site, occurring in an area with a shallow aquifer, was the pH low at 5.96 (Table 5). Levels of P and Ca and heavy metals in Baczków approximate the respective values noted for large burial sites. This similarity points to a considerable range of changes brought about by the presence of mass graves that affect the environment irrespective of its features. Large mass graves can have an adverse effect on the natural environment. The reference site in Baczków (fenced, forest nursery) represents a wet, periodically flooded area. Human activity at this site, in addition to tree planting, includes the felling of trees and shrubs. The high content of Cu at the Baczków site is probably related to tree felling with chainsaws.



Adsorption of phosphorus is important also in environments with a low pH and high content of clay minerals and iron [41,42]. Another example of a positive correlation between the adsorption capacity of P and clay content was demonstrated by Falcao [43]. In general, the fine fraction of particles in the soil is less conducive to the leaching of phosphorus compounds. According to Zheng [44], the greatest mobility of phosphorus (in gleysolic soil) occurs in sandy loam, loam, clay loam, clay and heavy clay soil, respectively.




6. Conclusions


A higher content of P, Ca and Na corresponds to a higher number of people buried within a relatively small area, and this is observed in the case of Auschwitz-Birkenau and Zbylitowska Góra. This is readily observable in the case of Auschwitz-Birkenau, where the contribution of P and Ca is high and reaches 86% of all the elements tested, whereas the contribution of Cu, Zn and Pb is low, at only 1.2%. A follow-up study carried out in deeper sections of the profiles, not only in Auschwitz-Birkenau, can provide new information.



At the small, active cemetery in Niedzieliska, clustered together with cemeteries from WW1, the concentration of the elements studied is relatively low, as is the case for small burial sites from WW1, e.g., in Bierówka and Rajbrot (Figure 2). The major elements found in Niedzieliska include P (26%) and Na (25.2%, followed by K (14.2%), Ca (13.0%) and, together, Cu, Zn and Pb (11%).



In soils near the mass grave in Rajbrot there is a high content of P and Ca, as in soils close to the crematories of the Nazi concentration camp in Auschwitz-Birkenau (Figure 5), where unburned bone fragments (visible under a microscope) remain in places where the ashes were placed. The reason for the high Ca content around the Rajbrot grave is the chemical composition of the weathered sediments under the soil layer, which are sandstones containing carbonate cement. The presence of calcium in the immediate bedrock promotes the retention of bone decomposition products in the natural environment. There is also a distinct dependency between the amount of the elements and the number of people buried in mass graves from WW2 and military graves from WW1 situated close to other burial sites (cemeteries and kirkuts).



Higher concentrations of Cu, Zn and Pb occur in soils covering WW2 burial sites with multiple corpses, including soldiers and civilians, irrespective of environmental conditions. Phosphorus and Ca contribute the most to the total of the elements studied in the case of the largest mass graves from WW2, in contrast to the low level of S, which is usually less than 5%. High contributions of P occur sporadically in sandy soils covering burial sites from WW1, e.g., 68% in Rajbrot and 52% in Tarnów in silty loam, whereas the contribution of S, Zn, Cu and Pb is low—only a few percent. Relatively higher contributions of Cu in soil covering WW2 graves must be associated with higher amounts of metal equipment and other artefacts possessed by soldiers and the executed civilians. A surprisingly high content of copper in the soil of the Baczków reference site (forest nursery) can be explained by present-day agrotechnical work performed by forestry staff.



The diversification of the contributions of the elements studied depends on their kind, the type and age of the burial site, the type of soil, the hillslope inclination and water content of the site and the close locations of mass graves and cemeteries.



WW2 burial sites show higher differentiation in the amount of the selected elements. This may result from the decomposition process and various conditions found in mass grave environments, but such a hypothesis should also be tested in the future.



Further investigations should concentrate on determining the relationship between the decomposition products leached from the burial sites and compounds in the natural environment, such as oxides-hydroxides of Fe and Mn, mineral–organic complexes and clay minerals. Another issue worth studying includes the identification of specific stages of decomposition leading to the emission of gaseous products.
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Figure 1. Location of the mass graves studied in southeastern Poland. 
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Figure 2. Clustering of mass graves (Ward method, Euclidean distance matrices) considering the selected elements (1—Łużna I *; 2—Dukla II; 3—Dukla I; 4—Nowy Żmigród I; 5—Rymanów II; 6—Rajbrot I; 7—Tarnów I; 8—Zbylitowska Góra II; 9—Niedzieliska, cemetery; 10—Baczków; 11—Auschwitz-Birkenau, ashes II; 12—Bierówka I; 13—Hunkowce II; 14—Brzesko I; 15—Lesko, kirkut; 16—Baligród II; 17—Przemyśl II; 18—Pustków, ashes II; 19—Pustków II; 20—Rzeszów II; 21—Bór II (* I, II—WW1 or WW2). 
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Figure 3. The content of Zn, Cu, Pb and S in the soil covering the graves studied. 
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Figure 4. The content of P, Na, K and Ca in the soil covering the graves studied. 
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Figure 5. Share of the selected elements (Zn, Pb, Na, S, P, K, Ca and Cu) in the soils from four sampling sites: river terraces, where human ashes from the Auschwitz-Birkenau (1) concentration camp had been scattered; a forest nursery in Baczków (2, reference site, no graves, edge of Niepołomice Forest); WW1 mass grave in Rajbrot near Bochnia (3) and the WW2 mass grave in Bór near Rzeszów (4). 
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Table 1. Type, age and location of the mass gravesites sampled in southeastern Poland.
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	Type and Age of the Gravesite
	Location of the Gravesites





	Military mass grave, WW1
	Bierówka (49.77219; 21.58275), Rajbrot (49.83515; 20.46498),

Łużna (49.71797; 21.06310), Tarnów (50.01662; 20.96112)



	Military mass grave, WW1; other burial sites nearby
	Brzesko (49.97360; 20.60731), Nowy Żmigród (49.60835; 21.53132),

Dukla (49.56103; 21.68150)



	Military mass grave, WW2
	Dukla (49.50140; 21.68134), Pustków (50.11887; 21.53001),

Rzeszów (50.03796; 22.04332), Baligród (49.34493; 22.28905),

Hunkowce (49.35622; 21.64860), Przemyśl (49.76756; 22.77892)



	Human ashes close to incineration, WW2
	Auschwitz-Birkenau (currently Brzezinka in the vicinity of Oświęcim) (50.04159; 19.16742), Pustków (50.10107; 21.52074)



	Mass grave of executed civilians, WW2
	Bór (50.13269; 21.97336), Zbylitowska Góra (49.98510; 20.89951)



	Military burial, WW2, on a parish cemetery
	Rymanów (49.35622; 21.64860)



	Jewish cemetery, used before WW2
	Lesko (49.47033; 22.33391)



	Current cemetery
	Niedzieliska (50.08810; 20.63359)



	Reference site (forest nursery)
	Baczków (50.00670; 20.40920)
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Table 2. Characterization of the sites where the samples were collected.
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	Cemeteries and Reference Site
	Surface of Grave (m2)
	SLOPE Gradient (%)
	The Sampling Place—a Part of the Grave (site)
	DISTANCE from the Upper Edge (m)





	Baczków (reference site)
	edge of the forest
	floor of valley
	centre
	-



	Baligród WW2, Soviet, Polish
	˃3000
	flat
	centre
	20–40



	Bierówka WW1
	501–1000
	flat
	centre
	10–20



	Bór WW2, Jewish
	101–500
	flat
	centre
	about 10



	Brzesko WW1
	˃3000
	flat
	centre
	˃40



	Dukla WW1
	1001–3000
	0–5
	lowermost
	˃40



	Dukla WW2, Soviet
	˃3000
	0–5
	lowermost
	20–40



	Hunkowce WW2, Wehrmacht
	˃3000
	5–10
	lowermost
	˃40



	Lesko, Jewish
	˃3000
	5–10
	lowermost
	˃40



	Łużna WW1
	˃3000
	5–15
	lowermost
	˃40



	Niedzieliska, cemetery
	˃3000
	flat
	centre
	20–40



	Nowy Żmigród WW1
	1001–3000
	0–5
	lowermost
	20–40



	Auschwitz-Birkenau WW2, prisoners of war
	˃3000
	flat
	centre
	˃40



	Przemyśl WW2, Wehrmacht
	˃3000
	0–5
	lowermost
	˃40



	Pustków WW2, Soviet
	1001–3000
	flat
	centre
	20–40



	Pustków WW2, ashes
	101–500
	flat
	centre
	about 10



	Rajbrot WW1
	1001–3000
	flat
	centre
	20–40



	Rymanów WW2, prisoners of war
	˃3000
	˂ 5
	lowermost
	˃40



	Rzeszów, WW2, Soviet
	1001–3000
	flat
	centre
	20–40



	Tarnów WW1
	˃3000
	flat
	centre
	˃40



	Zbylitowska Góra WW2, Jewish
	˃3000
	10–15
	lowermost
	˃40
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Table 3. Characterization of the geographical environments of the sites investigated.
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	Cemeteries and Reference Site
	No. of Buried
	Soil Parent Material
	Soil Texture
	Land Cover 1
	Soil Moisture 2





	Baczków (reference site)
	n/a
	loams, clays
	clayey sand
	forest
	periodically flooded



	Baligród WW2
	1001–10,000
	alluvia
	medium and alluvial loam
	concrete
	locally moist



	Bierówka WW1
	501–1000
	sandstones and shales
	silty loam
	grass
	dry



	Bór WW2
	1001–10,000
	clays
	clayey sand
	shrubs
	periodically moist



	Brzesko WW1
	101–500
	clays
	clayey sand
	grass
	dry



	Dukla WW1
	501–1000
	sandstones and shales
	heavy loam
	grass
	periodically dry



	Dukla WW2
	over 10,000
	sandstones and shales
	heavy loam, construction rubble
	shrubs, gravel
	periodically dry



	Hunkowce WW2
	101–500
	sandstones and shales
	heavy loam, rock rubble
	grass
	locally moist



	Lesko Jewish
	over 10,000
	sandstones and shales
	silty loam
	forest, shrubs
	periodically dry



	Łużna WW1
	1001–10,000
	sandstones and shales
	heavy loam
	forest
	locally moist



	Niedzieliska
	501–1000
	clays
	sand
	grass, concrete
	periodically dry



	Nowy Żmigród WW1
	101–500
	sandstones and shales
	medium loam¸ sandstone fragments
	grass
	dry



	Auschwitz-Birkenau WW2, S. *
	over 10,000
	alluvia, loams
	sand (humus)
	grass
	periodically dry



	Przemyśl WW2
	1001–10,000
	limestones
	silty loam
	grass
	dry



	Pustków WW2, S. *
	501–1000
	clays
	sand
	grass
	dry



	Pustków WW2
	over 10,000
	clays
	sand
	grass
	dry



	Rajbrot WW1
	101–500
	sandstones and shales
	sand
	forest
	locally moist



	Rymanów WW2
	1001–10,000
	sandstones and shales
	heavy loam
	grass
	periodically dry



	Rzeszów, WW2
	101–500
	alluvia, loams
	sand
	grass
	dry



	Tarnów WW1
	1001–10,000
	alluvia, loams
	silty loam
	grass
	periodically dry



	Zbylitowska Góra WW2
	1001–10,000
	alluvia, loams
	silty loam, gravel
	forest, shrubs
	locally waterlogged







*–ashes; 1 prevalent; 2 prevalent (space- and timewise).
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Table 4. Statistical parameters of the content (mg/kg) of the selected chemical compounds analysed in the soils of 20 cemeteries and in Baczków (reference site).
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Statistical Parameter

	
Elements




	
Zn

	
Pb

	
Cu

	
S

	
Na

	
K

	
P

	
Ca






	
Minimum value

	
1.0

	
1.0

	
1.1

	
1.6

	
10.1

	
0.9

	
8.9

	
12.3




	
Maximum value

	
112.4

	
25.4

	
245.4

	
123.3

	
155.4

	
52.2

	
952.3

	
1025.5




	
Arithmetic mean

	
30.7

	
5.5

	
30.6

	
28.7

	
43.6

	
25.7

	
169.9

	
95.1




	
Standard deviation

	
36.0

	
3.1

	
26.5

	
31.8

	
34.6

	
20.5

	
18.5

	
215.1




	
Reference site

	
69.4

	
25.4

	
245.4

	
3.0

	
55.1

	
15.1

	
163.3

	
92.4
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Table 5. Measured values of pH, Eh and the calculated rH.






Table 5. Measured values of pH, Eh and the calculated rH.





	Cemeteries.
	pH
	Eh in Volts
	rH





	Baczków, reference site
	5.96
	0.3714
	24.3



	Baligród WW2
	6.53
	0.5112
	30.1



	Bierówka WW1
	8.32
	−0.2292
	9.0



	Bór WW2
	8.72
	0.2688
	26.4



	Brzesko WW1
	7.12
	−0.0642
	12.1



	Dukla WW1
	8.34
	0.2826
	26.1



	Dukla WW2
	8.11
	0.3204
	26.9



	Hunkowce WW2
	6.42
	0.4668
	28.4



	Lesko, kirkut
	7.06
	0.3894
	27.1



	Łużna WW1
	6.86
	0.1914
	20.1



	Niedzieliska, cemetery
	6.42
	0.4788
	28.8



	Nowy Żmigród WW1
	7.14
	0.1596
	19.6



	Auschwitz-Birkenau, ashes WW2
	7.94
	0.4386
	30.5



	Przemyśl WW2
	6.59
	0.3606
	25.2



	Pustków, ashes WW2
	6.13
	0.4452
	27.1



	Pustków WW2
	6.09
	0.4746
	28.0



	Rajbrot WW1
	7.56
	0.2094
	22.1



	Rymanów WW2
	8.12
	0.3018
	26.3



	Rzeszów WW2
	9.33
	0.2772
	27.9



	Tarnów WW1
	7.55
	0.4530
	20.1



	Zbylitowska Góra WW2
	6.34
	0.4926
	29.1
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