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Abstract

:

The permanence of a buried body in soil always induces the formation of a decomposition island that can serve as a significant recording location to understand how the persistence of a clandestine grave affects soil. This study aims to analyze the elemental exchange from buried bodies to soil, with a focus on phosphorus content, and to determine the effects of environmental factors on its persistency. The experiment was carried out using eleven swine carcasses buried in an open site (northern Italy). The analyses were performed using the Olsen P method, which allowed for a recognition of the trend of the amount of phosphorus over time, due to the decomposition of phospholipids, followed by the transfer of the element from bone to soil. Additionally, microanalyses performed using a scanning electron microscope (SEM-EDS) on two different soil sample specimens (i.e., “dust” and “plug”) allowed for the identification of numerous phosphatic features (i.e., coatings, infillings, impregnations, and organo-mineral associations), which are the result of the interaction between soil and body fluids and can thus be used as indicators of the former presence of decomposing body (even in its absence). The ultramicroscopic analysis also shows increasing and decreasing amounts of P2O5 over time in the soil, which could be related to environmental conditions (i.e., soil moisture), due to the leaching of phosphorus induced by the percolation of natural rainwater. The study underlines the potential use of these methods to evaluate the possibility of a cadaver–soil linkage and of assessing the burial in the soil for a variable period. Moreover, the study may aid in analyzing the dynamics of phosphorus migration from buried bodies to soil during and after the decomposition process.






Keywords:


forensic geopedology; soil chemistry; clandestine graves; decomposition phenomena; SEM-EDS analyses; phosphorus; phosphates; post-burial interval












1. Introduction


Many homicide victims are buried after death. Therefore, in forensic applications, the research of clandestine graves is not an infrequent event [1,2], nor is the need to identify a trench in the ground as an actual burial site from which the skeleton, after decomposition, has been removed (common in organized crime). The discovery and exhumation of a decomposing corpse presents to forensic scientists many questions to solve. In order both to precisely analyze every proof and provide the methods for studying and understanding the decomposition of human remains in soils, a multidisciplinary approach may aid the “environmental profiling” of a crime site [3].



The approaches used in forensic investigation usually deal primarily with the cadaver and associated items rather than the grave itself, whereas geoforensic and archaeoforensic approaches not only provide useful guides to the localization of clandestine graves but also allow for the analysis of different environmental situations and every aspect of the inhumation sites. Indeed, soils have complex biological, chemical, physical, and mineralogical properties that change with time [4]. Thus, geopedology not only contributes to identifying the current or previous location of a clandestine grave and to helping to link a suspect to a crime site, but it can also help clarify events and changes imposed by the burial of the corpse to the pedo-environment [5]. Hence, soil can play an active role in exchanging material with the corpse during decomposition, along with acting as an archive of evidence and illustrate the environmental conditions that could have concerned a criminal event [6]. Factors such as soil moisture [7], soil chemical and physical properties [8], microbial activity [9], and pedoclimatic conditions [10] can affect the interaction between buried remains and soil and may also have been recorded [11]. In particular, different studies of experimental burials have provided a relevant quantity of data about the migration of chemical elements from the corpse to the surrounding area, recognizing in phosphorus content one of the most suggestive clues of the presence of a dead body in soil, even after a consistent postmortem interval [12,13,14,15].



The present study focused on ten experimental burials of pigs in a uniform area [8], in order to obtain new data on the environmental responses to the inhumation over different time intervals. Through this work, some relevant data regarding the bone structure changes during time have been collected and published [11]. The study was part of a wider project, in which an interdisciplinary Italian team, composed of Earth scientists, biologists, anthropologists, and legal medical doctors was involved. Therefore, in the study area, the botanical data were periodically recorded to verify possible modifications induced by the inhumation [16,17] and periodic analyses of trenches were performed using ground penetrating radar and geo-electrical measurements [18,19]. In addition, geopedological analyses (i.e., physical, chemical, mineralogical, and micropedological) were carried out before the inhumations and after each exhumation to evaluate the soil characteristics at different burial intervals [14,20,21,22]. Decomposition processes were also analyzed by performing an autopsy for each specimen [9,23,24] and entomological samples were extracted from corpses for the postmortem interval reconstruction [25]. As shown in the literature [9,10,11,12,13,14], the analysis of chemical elements related to decomposition processes are an extremely valid tool to reconstruct a criminal act, especially when it concerns a body buried in soil. Nevertheless, only a few published works mention phosphorus (in the form of available phosphorus and phosphates) as a key or, if they do, they conduct experiments lasting a too short period of time [13].



Therefore, the present work is strictly focused on the chemical (Olsen P method) and ultramicroscopic (SEM-EDS) characterization of the phosphorus attributable to the impregnation of body fluids on soils sampled under the eleven swine carcasses, buried for increasing intervals of time (until 924 days (132 weeks)) in two adjacent areas, in order to reveal the environmental control on their persistency and also to evaluate the potential of this approach to the forensic subject of clandestine burials. Moreover, it has been considered a promising starting point for the design of a more recent project, aimed at the observation of the complex dynamic of the decomposition processes of a body buried in soil. The results here collected showed the interesting evolution of the concentration and persistence of phosphorus, attributable to the biochemical disturbance of a decomposing body in soil and, therefore, they have been considered a valid tool to investigate it.




2. Materials and Methods


2.1. Experimental Design


Eleven swine carcasses (Sus domesticus) were used to reproduce the decomposition of a buried human body, considering their similarity to human in weight, fat-to-muscle ratio, and hair coverage [26].



Their inhumation was carried out at the end of May 2009 in two areas located in the same site, named site A and B. Ten trenches, five for each area, were excavated by means of an excavator, at different depths: 90 cm for site A and 80 cm for site B. The sampling depths represent the average profundity of clandestine graves encountered in forensic scenarios (e.g., intermediate between “shallow” depths of 50–60 cm and “deep” depths of 100–110 cm [5]).



Each trench was filled with one specimen weighing between 70 and 90 kg, except for subjects 4 and 5, which were inhumed in the same grave to simulate a twin burial (Table 1), for a total of ten graves. Finally, the soil and sediments removed for the digging of the trenches were reinstated, in order to completely cover the corpses.



The exhumation phases provided for the opening of a single couple of graves (one from site A and one from site B) at each PBI, for a total of five increasing time intervals (so five couples of graves). After each exhumation, the soil was sampled and the grave was definitively abandoned. Therefore, even the last soil sampling was carried out in a grave that was not affected by disturbance after the inhumation of the pig.



The experiment was conducted for a total of 924 days (132 weeks, from May 2009 to December 2011) and the exhumation of the specimens was carried out at five time intervals (47, 207, 396, 711, and 923 days for site A and 42, 235, 383, 726, and 924 days for site B) to provide a range of varying burial times for the groups of subjects.



Macroscopic analyses were also performed for each specimen at different decomposition stages [23] according to Megyesi et al. [27,28].




2.2. Experimental Area


The experimental site was located in the Ticino River Regional Park in northern Italy (45°23′ N 8°50′ E) at 95 m above sea level. The climate is sub-oceanic with the highest rainfall in spring and autumn and with an average rainfall of 1050 mm/year [20,29,30].



Ten trenches were excavated at different depths in two areas, both located in the Park, with distinct vegetation covers: site A, where the graves were 90 cm deep, was an open area characterized by dry grasslands, dominated by grasses and sedges (Bromus sterilis, Aira caryophyllea, Koeleria pyramidata, Carex caryophyllea, and Vulpia myuros) [16]; site B, where the graves were 80 cm deep, had vegetation cover that was represented by acidophilic peduncolate oak (Quercus robur) woodlands, sometimes replaced by degraded communities of Robinia pseudoacacia and by highly invasive Prunus serotina [16].



The sampling depths represent the average profundity of clandestine graves encountered in forensic scenarios (e.g., intermediate between “shallow” depths of 50–60 cm and “deep” depths of 100–110 cm [5]).



The exhumation phases provided for the opening of a single couple of graves (one from site A and one from site B) at each PBI, for a total of five increasing time intervals (so five couples of graves). After each exhumation, the soil was sampled and the grave was definitively abandoned. Therefore, even the last soil sampling was carried out in a grave that was not affected by disturbance after the inhumation of the pig.




2.3. Soil Description


The site is characterized by poorly developed soils on coarse fluvial deposits composed by crystalline rocks [30], currently classified as Typic Udorthents sandy–skeletal, mixed, and mesic [31]. They have high permeable horizons with rapid drainage and sandy texture in the first meter; they are non-calcareous soils, with a pH of about 4.5–5.5 at the surface and 5.6–6.6 at 50 cm depth. The base–cation saturation ratio is very low, as is the AWC (Available Water Capacity) [30].



Moreover, the field activities of the present work included the descriptions of the soil profiles, along with the collection of samples from their horizons, before the inhumations [20,29]. The soil profile description for the soils in the experimental area is:




	O

	
Organic material lying under herbaceous vegetation.




	A1

	
Dark brown (7.5 YR 3/2); loamy and sandy-loam, weak fine granular structure; very porous; clear wavy boundary.




	A2

	
Dark brown (7.5 YR 4/2); loamy and sandy-loam, weak fine granular structure; very porous; clear wavy boundary.




	C1

	
Dark brown (7.5 YR 4/2); sandy loamy, frequent centimetric clasts (2–5 cm), weak structure; very porous, frequent roots; clear linear boundary.




	C2

	
Brown (7.5 YR 5/2); sand, frequent centimetric clasts (5–10 cm), loose; clear linear boundary.




	C3

	
Brown (7.5 YR 5/2); sand, overlapping levels of decimeter and centimeter clasts, loose; clear linear boundary.




	C4

	
Brown (7.5 YR 5/2); sand, dominant decimeter and centimeter clasts, fining upward, loose; lower boundary not exposed.










2.4. Analytical Procedures


The soils were sampled, in the form of bulk samples, under the carcasses of pigs during the exhumation activities in both areas (A site and B site), approximately between 100 and 125 cm depth. A preliminary analysis consisted of the application of the “Olsen P” or “sodium bicarbonate soil test phosphorus (P)” method [32] to estimate the available phosphorus in soils by extraction with sodium bicarbonate [33].



In addition, SEM analyses were used to measure the mean phosphate concentration. For this purpose, a seven-point analysis was carried out on the surface of each sample, in correspondence of some features detected using the scanning electron microscope. Exclusively for these analyses, each soil specimen was extracted as a bulk sample, in the form of:




	−

	
A “dust” specimen (Figure 1a), collected using the particular adhesive stripe for SEM analyses—the resulting specimens are easy to prepare but the EDS microanalyses are less accurate, due to the variable incidence angle of the electron beam, as described in [32];




	−

	
A “plug” specimen (Figure 1b), subsampled in a plastic box, then impregnated with epoxy resin and finally dry polished by hand in order to obtain a flat surface, flawlessly suitable for EDS analyses—in this case the specimen preparation is longer (i.e., weeks), but the EDS microanalyses are extremely precise.









All the samples (“dust” and “plug”) were analyzed with a Cambridge 360 scanning electron microscope (SEM), imaging both secondary and back-scattered electrons to return a 3D compositional image of the objects detected on the specimen’s surface. The elemental analyses were performed using an energy dispersive X-ray analysis (EDS Link Isis 300) requiring carbon-coated samples [34]: energy dispersive X-ray spectroscopy with an accelerating voltage of 20 kV, filament intensity 1.70 A, and probe intensity of 280 pA. The analyzed elements have been standardized using several single-element standards (Micro-Analysis Consultants Ltd.); the phosphate concentrations measured using EDS were reported as oxide weights (P2O5) normalized to 100%.




2.5. Data Analysis


The bioavailable phosphorus concentration and phosphates mean concentrations are calculated separately for the samples collected from each grave. The concentrations of the bioavailable phosphorus and average concentrations phosphates (expressed as Pav and P2O5 %, respectively) in the soil are represented in different graphs, considering both the sites of sampling (A and B) and, exclusively for the ultramicroscopic analysis, the type of sample (“dust” or “plug”).



In this study, the rainfall data were also considered. The daily rainfall data at the Vigevano-Ponte Ticino SS494 (24 m a.s.l.) ARPA Lombardia weather station, derived for the period from 2009 to 2011 were used.





3. Results


3.1. Bioavailable Phosphorus Content


In the study area, the natural soils at the two sites, both sampled on the bottom of the trench and analyzed before each inhumation, showed low concentrations of bioavailable phosphorus (between 0 and 4 mg/kg). On the contrary, the analysis of the specimens collected below the corpses, concurrently with the exhumations, showed anomalous concentrations of bioavailable phosphorus. The results (Table 2 and Figure 2 and Figure 3) highlight two peaks of available phosphorus concentration at 47 and 396 days Post-Burial Interval (PBI) for site A (102 and 115 mg/kg, respectively) and at 42 and 726 days PBI for site B (71 and 98 mg/kg, respectively). Although the bioavailable phosphorus decreased again after the second peaks, the concentration stayed significantly higher until the end of the experiment (924 days), assuming a plateau-like end of the curve.




3.2. Phosphate Mean Concentration


The application of ultramicroscopic analysis (SEM-EDS) allowed for identifying, in all the specimens of the soil sampled below the swine carcasses after each exhumation (A1–A5 and B1–B5 burials), anomalous mean concentrations of phosphates, referred to as P2O5. First of all, the plug samples (Table 3) reported a pattern rather similar to the one identified in the bioavailable phosphorus analysis, characterized by two peaks (Figure 4). In site A, it was possible to detect a first peak concentration of phosphate at 47 days PBI (2.9%) followed by a second one at 711 days PBI (7.5%); after that, the graph showed a decreased P2O5 concentration, but without reaching the background concentration, even at 923 days PBI (1.1%). Meanwhile, the plug specimen from site B (Table 3) showed a double-peaked curve at 42 days PBI (6.5%) and 726 days PBI (4.3%), but with this latter being smoother than in the site A case (Figure 4).



The analysis of the dust specimens showed a double-peaked curve comparable to the previous samples (Figure 5), even if the values showed a different behavior (Table 4). Specifically, in site A, the first peak (47 days PBI) is due to a mean P2O5 concentration equal to 3.7% while the second one is smoother, being expressed by the little mean concentration values’ variations, respectively, at 396 days PBI (9.2%), 711 days PBI (9.3%), and 923 days PBI (7.8%). However, the analysis of the dust samples from site B highlight the lower first peak, in correspondence of 42 days PBI (2.0%) and a smooth second peak at 383 days PBI (4.2%), due to a little within-test variability.



The permanence of phosphorus in the soil samples was investigated from an ultramicroscopic point of view (SEM-EDS) by producing 3D compositional images of some peculiar objects detected in all the specimens of soil sampled (as “plug” and “dust”) below the swine carcasses, in both sites, after each exhumation. These have been identified as phosphatic features (Figure 6a–d) present in the form of:




	
Coatings and infillings on sand grains (Figure 6a);



	
Coatings on vegetal remains (Figure 6b);



	
Impregnations on crumby microaggregates (Figure 6c);



	
Organo-minerals associations (Figure 6d).










4. Discussion


4.1. Phosphorus Persistency through Phosphates


The application of the Olsen P method, together with the ultramicroscopic analysis of the phosphatic features’ P2O5 concentration, showed the evolution of bioavailable phosphorus and phosphates’ soil content due to corpse decomposition through time.



The results show how the soils of the study area, sampled and analyzed before the pigs’ inhumation, were almost completely devoid of available phosphorus, probably due to the acidic soil parent material [30]. On the contrary, in all the specimens sampled below the swine carcasses after each exhumation, the anomalous concentrations of phosphorus and phosphates have been identified. In particular, the presence of a first peak of the concentration of both the analytes at a PBI of 47 days for site A and 42 days for site B (Figure 2 and Figure 3) confirmed what has been affirmed in previous studies, which recognized an analogous peak concentration of the element after 36 days [12] and 40 days [13]. This soil condition can be attributed to an input of the chemical element from cadavers because the tissues store proteins, sugar phosphates, phospholipids, and other many compounds [35,36] and can be released to the environment during the decomposition processes.



In our study cases, a second peak of bioavailable phosphorus is also observable about one year post burial (396 days PBI, concentration of Pav equal to 115.79 mg/kg) for site A and with a PBI of two years for site B (726 days PBI, concentration of 98.03 mg/kg). The results from [12] showed an increase in the concentration of bioavailable phosphorus at 331 days PBI, suggesting that the pattern in the phosphorus concentration was very similar to the pattern in the present study. However, the authors concluded the experiment after only one year, hence a complete comparison of the results through a longer PBI is not possible.



According to [37], a second peak in the concentration of bioavailable phosphorus, after a PBI of a significant amount of time, could be attributed to a migration of phosphorus from bone to soil occurring during or immediately after complete skeletonization. A similar diagenetic dynamic has been described for sites where archaeological remains have been discovered [38] or simply where complete skeletonization has been observed [39]. Moreover, Fiedler et al. [37] affirm that acidic soils, such as the one that characterizes the present experimentation area, could increase the transfer of phosphorus from bones, especially from skeletonized extremities. Indeed, the macroscopic exam of the carcasses executed contextually to each exhumation supported this hypothesis, showing how the corpses were subjected to an initial skeletonization at 207 days of PBI (site A) and 235 days PBI (site B). The skeletonization was completed about 711 days PBI in site A and 726 days PBI in site B [18,20], in accordance with the analysis results. After that time, the skeletal remains stayed in the soil and continued to release phosphorus, maintaining its levels steadily high in the surrounding environment, at least until 924 days PBI (Figure 2 and Figure 3).



Nonetheless, even if the method used in this study cannot discriminate the source of the phosphorus (whether it be the corpse itself or the bacterial community normally resident in the soil), the two peaks of bioavailable phosphorus concentration suggests that the presence of cadaveric material into the soil has a huge impact on it. In addition, [13] assess that a decomposing carcass, which releases a large pulse of phosphorus into the surrounding soil, can contribute toward an increased microbial biomass, as soil microbes react to disturbance, becoming, in turn, indicators of soil chemical changes [40].



To deepen this matter and to detect the actual reason of the permanence of phosphorus in soil, even after almost three years, ultramicroscopic analysis of P2O5 in the sampling locations have been considered. By observing the development of the mean concentrations of phosphate through time (Figure 4 and Figure 5), it is possible to notice a consistency with the trends highlighted by Olsen’s bioavailable phosphorus analysis results. Indeed, both “plug” and “dust” samples show a double-peak curve, with the second one followed by a long period of anomalous concentration of the analyte, although in the graph derived by the analysis on the dust specimens, irregularities occurred.



The dust method should still be considered as valid since the graphics show two phases of increasing and decreasing amounts of P2O5 over time. This causes it to be possible to assume that even 924 days after burial, the carcasses, even when skeletonized, can still be a relevant source of phosphate in the soil. Moreover, “dust” and “plug” specimens show different absolute values (as expected) and relatively different trends (in particular for the “dust” specimens of area B). In this light, it is possible to assume that the “plug” specimens allow the correct quantitative characterization of the phosphatic impregnations, whereasthe “dust” specimens are suitable only as indices of presence/absence of such features to be used in preliminary investigations.



Regarding the phosphatic features detected through the SEM-EDS analysis of the specimens, they seem to originate from the impregnation by body fluids, resulting from the decomposition of the swine carcasses on the mineral and organic particles constituting the soil and sediment matrix. The impregnation process, which is comparable to the crystalline pedofeatures genesis in soils [41], seems to be independent from the soil matrix grainsize: indeed, the phosphatic coatings were recorded on sand grains up to 300 m size, as well phosphatic impregnations affecting soil microaggregates constituted of clay particles (i.e., <2 μm).



These kinds of phosphatic impregnation in soils, if observed and sampled at the bottom of a supposed clandestine grave, can thus be used as indicators of the former presence of a decomposing body in the overlying soil material even in the absence of the body itself. Unfortunately, until now, it is not yet possible to discriminate the origin of phosphate (i.e., human or animal) with this method. Furthermore, the experiment described here shows the existence of such phosphatic features only in the time interval ranging from 42 to 924 days post burial.




4.2. Environmental Control on the Persistence of Phosphorus


Considering the trend for Pav (Figure 2 and Figure 3), differences can be observed between site A and site B. In particular, the Pav values of the specimens collected in the open area’s pits show a higher rate of variability, compared to those collected in the woodland. The peaks of the Pav concentration are steeper in site A than in site B. This finding is not surprising, as the ecological balance of the woodland is typically more solid than the one found in open area characterized by dry grasslands [42]. Indeed, through the action of roots and the addiction of organic matter, vegetation cover can influence soil’s structural development [43], which in turn controls properties such as root penetration, aeration status, and water and solute retention and movement [44]. The major differences occur in the litter and A horizons. Specifically, grass soil tends to have a very thin litter layer and a thick friable horizon underneath it. On the contrary, under woodland the litter is usually thicker, while the A horizon presents fewer and larger roots and, consequently, greater compactness [43]. Furthermore, stability differences in deeper horizons are likely to be related to disparities in the type of organic matter added [45]: in the B horizon, the organic carbon content should be greater under woodland, a function of the greater rooting depth of trees, explaining a major aggregate stability at this site [43]. The main consequence is a reduced mobilization of a chemical element (such as phosphorus) compared to the one observed in grassland and, therefore, a lower variability of its concentration through time.



Moreover, in site A, the second peak of the Pav concentration is observed earlier than the one that characterized site B (396 vs. 726 days PBI) (Figure 2 and Figure 3). The dissimilar environmental conditions that characterize the two sites could have influenced the rate, extent, and nature of decomposition [46] that, in this study case, proceeds faster in the open area than in the woodland.



In addition, since the permanence of phosphorus seems to be due to phosphates and phosphatic features originating from the chemical disturbance of cadaveric material, the mean concentrations of P2O5 detected on the specimens’ surfaces (Figure 4 and Figure 5) has been considered for environmental observations. Excluding the “dust” specimens’ values, due to their lack of accuracy, the results of the ultramicroscopic analysis detected a higher mean concentration of phosphates in site B, with the only exceptions at 207–235 days (14 December 2009–25 January 2010; winter) and 711–726 days PBI (2–31 May 2011; spring). This condition seems to be justified by the rainfall data carried out collecting daily measurements from the Vigevano-Ponte Ticino SS494 weather station. Indeed, in the amount of time between the exhumations from area A and area B, there have been episodes of abundant rainfall, respectively, of 116.4 mm and 62.2 mm (Figure S1a–c).



Therefore, we could assess that the variation in the phosphorus content seems to be also depending on its persistency in the soil, which could be related to environmental (i.e., soil moisture) conditions, due to the leaching of phosphorus induced by the percolation of natural rainwater [47]. The late spring/summer are typically dry seasons in northern Italy, while the autumn is usually a wet season in northern Italy, although it was very dry at the end of the experimentation period. Nevertheless, these two episodes of abundant rainfall in spring and winter have been intense enough to influence the results of the analysis of samples of soil relative to 235 and 726 days PBI (Figure S1a,c).



Taking into account the already discussed and only qualitative significance of the “dust” specimens, it is clear that the higher values of the measured P2O5 always correspond to dryer seasons (i.e., summer and the last autumn of the experimentation), while lower values of P2O5 correspond to wetter season (i.e., the first autumn and winter of the experimentation).



Finally, it is important to underline that dependent and independent data, collected during the same sets of experiments [20], seem to indicate the same seasonal fluctuations, as for instance regarding some bulk routine geopedological analyses and of geo-electrical prospection anomalies.



Indeed, in recent studies, it has been discussed that soil moisture can be the dominant environmental parameter governing cadaver decomposition in soil [7]: the present experimentation seems to indicate that the moisture could also determine the fate of decomposition products in the soil.





5. Conclusions


In conclusion, the results of the present set of experiments demonstrate the importance of considering the soil as an archive of evidence able to show the environmental conditions that can be related to a criminal event. Specifically, the results may lead the way to tackle questions related to PBI in real cases of clandestine burials as well as assisting in the identification of graves from which the victim has been removed at a later time, as such.



In particular, this study shows how the persistence of phosphorus, in the form of available phosphorus or phosphatic features in soil, can be related to the presence of body fluids related to decomposition processes and, consequently, that the phosphorus concentration seems to be a good indicator for locating the decomposition of remains, even when using different methods to measure it. Above all, the application of the Olsen P method in a forensic context turned out to be a valid strategy to track the behavior of bioavailable phosphorus, meant as a cadaver-impacted soil chemical marker, over time.



On the contrary, the described phosphatic features, which SEM-EDS analysis can identify, can be detected in two kinds of samples in order to the produce specimens suitable for preliminary investigations (“dust”), which require quick results, or for more precise quantitative analyses (“plug”), which are rather consistent with bioavailable phosphorus determinations.



Moreover, the soil moisture conditions at the time of exhumation have been identified as the most effective environmental signal, recorded by the persistence of phosphorus, which is coherent with the control that soil moisture has over the decomposition processes concerning a body buried in soil.



A further step in understanding the variability could be induced by the different grain sizes of the impregnated soil particles (i.e., sand grain coatings versus impregnation on micropeds), a factor that must be tested more accurately in future work, as well as a more intensive sampling. In this light, further experiments are planned, both from the microscopic/ultramicroscopic and the geopedological/chemical point of view, to clarify the pathways of the described phosphorus precipitation and leaching: longer periods of burial, recurring seasons of exhumation, and different soil types. The present study has therefore been considered a valid starting point for the design of a new project, since it showed how the interaction between a decomposing body and the environment can be recorded in the form of biogeochemical anomalies in the soil.



Finally, geopedology is a science rich in variability with a great potential to reconstruct and solve various forensic cases. Many studies and experiments still need to be carried out to improve the knowledge of the specific processes, to provide correct answers to forensic and legal questions, and to reach a standardization for the processed analyses.
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Figure 1. (a) Soil samples collected as “dust” specimens. (b) Soil samples extracted as “plug” specimens. The soil samples have been collected below each carcass, approximately between 100 and 125 cm depth. 
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Figure 2. Soil available phosphorus of grave soil sampled for each burial (A1–A5) before the inhumation (○) and concurrently each exhumation (●) in the site A at different PBIs. The soil samples have been collected below each carcass, approximately between 100 and 125 cm depth. 
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Figure 3. Soil available phosphorus of grave soil sampled for each burial (B1–B5) before the inhumation (○) and concurrently each exhumation (●) in the site B at different PBI. The soil samples have been collected below each carcass, approximately between 100 and 125 cm depth. 
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Figure 4. Mean phosphate concentration (P2O5) detected in “plug” soil specimens sampled from site A and B at different PBI. The box plots show the minimum value, the maximum value, the sample median, and the first and third quartiles. Data obtained from SEM-EDS analysis. 
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Figure 5. Mean phosphate concentration (P2O5) detected in “dust” soil specimens sampled from site A and B at different PBIs. The box plots show the minimum value, the maximum value, the sample median, and the first and third quartiles. Data obtained from SEM-EDS analysis. 
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Figure 6. Phosphatic features investigated using SEM-EDS analysis. (a) Phosphate bearing coatings and infillings on a sand grain (300× SEM image taken in backscattered electron imaging); (b) Phosphate bearing coatings on a vegetal remain (24× SEM taken in secondary imaging); (c) Phosphate bearing impregnations on a crumby microaggregate (1400× SEM image taken in secondary image on the left and backscattered electron imaging on the right); (d) Organo-minerals associations (3000× SEM image taken in secondary image on the left and backscattered electron imaging on the right). 
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Table 1. Summary of the weight of each swine corpse at the moment of the inhumations. The * indicates the two samples that were inhumed together to simulate a twin burial.
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	Site
	Pig ID
	Weight (kg)





	A
	1
	72.4



	A
	2
	77.9



	A
	3
	88.3



	A
	4 *
	24.7



	A
	5 *
	23.6



	A
	6
	83.7



	B
	1
	71.5



	B
	2
	88.0



	B
	3
	89.2



	B
	4
	84.5



	B
	5
	75.0
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Table 2. Summary of the bioavailable P (Pav) concentration found in each sample site at different Post-Burial Intervals (PBIs), obtained using the Olsen P method application. The soil samples have been collected below each carcass, approximately between 100 and 125 cm depth.
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	Site
	Burial
	PBI (Days)
	Pav (mg/kg)





	A
	1
	47
	102



	A
	2
	207
	39



	A
	3
	396
	115



	A
	4
	711
	111



	A
	5
	923
	126



	B
	1
	42
	71



	B
	2
	235
	59



	B
	3
	383
	86



	B
	4
	726
	98



	B
	5
	924
	85
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Table 3. Summary of the mean phosphate concentration (P2O5) found in each “plug” sample from site A and B at different Post Burial Intervals (PBIs) obtained using SEM-EDS analysis.
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	Site
	Burial
	PBI (Days)
	Mean P2O5 (%)





	A
	1
	47
	2.9



	A
	2
	207
	1.6



	A
	3
	396
	3.0



	A
	4
	711
	7.5



	A
	5
	923
	1.1



	B
	1
	42
	6.5



	B
	2
	235
	1.0



	B
	3
	383
	3.6



	B
	4
	726
	4.3



	B
	5
	924
	3.1
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Table 4. Summary of the mean phosphate concentration (P2O5) found in each “dust” sample from site A and B at different Post Burial Intervals (PBIs) obtained using SEM-EDS analysis.
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	Site
	Burial
	PBI (Days)
	Mean P2O5 (%)





	A
	1
	47
	3.7



	A
	2
	207
	1.0



	A
	3
	396
	9.2



	A
	4
	711
	9.3



	A
	5
	923
	7.8



	B
	1
	42
	2.0



	B
	2
	235
	1.2



	B
	3
	383
	4.2



	B
	4
	726
	4.0



	B
	5
	924
	3.3
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