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Abstract

:

The processes of decomposition that the body will have after the time of death are peculiar and complex. The body swells and expels gases and fluids, and the flesh decays. It also attracts many insects and scavengers. We know that these fluids are nutrients for the vegetation, and if the body is inhumed in the subsurface, they allow a rapid crop growth that remote sensors can mark. During forensic investigations, mapping the fluid migration in the subsurface can help reconstruct the genesis of a clandestine grave. Several studies show how different remote sensors and analyses can be sensitive to human burials. This paper presents a preliminary experiment studying the fluid dispersion in the subsurface using simulated body fluids in a shallow grave and detecting it through the ground penetrating radar (GPR) technique (given its ability to detect dielectric constant changes in the investigated media) and other remote sensing techniques. Although the simulation of the body fluids related to the dielectric constant was accurate and allowed us to better understand how decomposition in the subsurface does not always migrate in the way that was initially expected (toward gravity), other typical characteristics of the body fluids, other soils and external factors were left out and would be studied in future simulations.
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1. Introduction


Remote sensing (RS) in forensic science is described as gathering data remotely with high-quality, air-based, or ground-based sensors without coming in contact with the evidence of an investigation [1,2,3,4]. Some examples of RS techniques used during forensic investigations are multispectral satellite imagery [5], aerial imagery using mostly UAVs (Unmanned Aerial Vehicles) [6,7,8], and the use of geophysical instruments, like Ground Penetrating Radar (GPR) [9,10,11,12].



This kind of imagery mostly has a free or low-cost data collection with high resolution. Satellite data have a restrictive element of resolution when it comes to sensing smaller burials. That is why such burials can simply be exposed with the help of UAVs or aircraft that carry sensors [13]. This technology has been drastically progressing, making single burial graves more detectable [5,14].



Digital image processing of both satellite data and aerial data involves the use of different algorithms and mathematical indices. At crime scenes, to highlight differences in vegetation growth, the analysis used most is the Normalized Difference Vegetation Index (NDVI), a commonly used index in research on global environmental and climatic changes [7,15]. NDVI is measured as a ration deviation calculated canopy reflectance in the red and the near-infrared bands: NDVI = (NearIR − Red)/(NearIR + Red) [16]. The values of NDVI have an area of range between +1.0 to −1.0, where the relationship between the near-infrared light—the strong reflection of the vegetation—and the red light—the absorption of the vegetation—quantifies the vegetation stress [17,18]. Ordinary growth circumstances can be determined over a period in the average values of NDVI in a certain area for specific times of the year. When the examination moves further, it can distinguish the healthiness of the vegetation based on the standards of the relative place. When NDVI goes through analysis over time, it can show not only the blossoming areas of the vegetation but also the areas where it undergoes stress. Nevertheless, it reveals the deviations in it caused by human activities, such as archaeological deposits or concealments of human bodies [15,19,20]. In the latter case, the vegetation can be analyzed to establish if the soil was disturbed by human or scavenger activity, assisting mainly the police investigations in the cases involving missing people and buried bodies [5,7,21,22,23].



Another common analysis that aids forensic investigations is also applied to similar situations. It is called the Visible Atmospherically Resistant Index (VARI), and it is performed using simple RGB sensors [5,7,15]. This index—(Green − Red)/(Green + Red − Blue)—utilizes color corrections in the result to minimalize not only the reflection but also the scattering and further atmospheric effects for a good estimation of a part of the vegetation that is healthy in a zone. This can assist in both forensic and archaeological investigations to distinguish by a distance without any contact with the buried evidence, such as walls or graves that have been covered, found in the low subsurface by a matter of adjusting the vegetation enhancement via strong atmospheric impacts, at the same time leveling the discrepancies caused by illumination [15,18]. VARI is not designed to work with near-infrared data but is tested to run with RGB data, calculating how stressed an area is [24]. VARI was not designed with the idea of being a replacement for NDVI but rather being important when working without NIR imagery and additionally to determine the reflection from the vegetation as opposed to from the soil. One of the advantages of VARI analysis is that it can operate as well with images that are not orthorectified or from satellite but purely captured from a bird’s eye view [25,26].



Finally, some ground-based geophysical investigations can be considered useful RS tools to help forensic investigations [27,28,29,30]. GPR is renowned for analyzing the subsurface and detecting different anomalies with various dielectric constants at different depths [9,31,32,33,34]. Within a forensic search, GPR can be used where there are indications of a concealed object (such as the cache of weapons, drugs, money, a bunker, or a hidden place) or a suspicious burial [29,35,36,37,38]. In the latter option, detecting the presence of decomposition fluids in the burial site without disrupting any evidence is a key point for an investigation [12,23,27,30,39,40]. The movement of body fluids through the ground changes as per the amount of time for which the body has been buried in the shallow subsurface. As this is a non-destructive technique, it can give an excellent insight into how long the body has been there and detect even other items that may have been buried with or on the body without altering the crime scene and the subsurface [10,28].



The progression of the simulated body fluids through the subsurface provides an abundance of information about how the fluids from a decomposing body would act in a real burial [27,30]. The key concept of this preliminary research topic consists of using different RS approaches to detect not only the presence of a clandestine grave but also the relative body fluids and their migration in the subsurface. Because the use of human remains is not allowed in the UK and the use of pig carcasses is no longer an option due to both ethical and scientific reasons [41,42,43], to simulate the body fluids in this research, a lab-prepared liquid with similar dielectric properties to that of the body decomposition fluid was used.




2. Materials and Methods


The burial site was created in the front garden of the Crime Scene House Facility (CSHF) at Nottingham Trent University, simulating ¼ of a real human burial at a crime scene. Therefore, the size of the burial in this experiment was 0.50 × 0.50 × 0.50 m3 (Figure 1).



Subsequently, it was necessary to determine the concentration of the NaCl dissolved in the water to simulate the body fluids at the same relative permittivity at 500 MHz. A literature review [44] on the effect of salinity on the dielectric properties of water, as well as an interim report on the compilation of the dielectric properties of body tissues at Rf and microwave frequencies [45], determines that the body fluids’ permittivity (ε) at 500 MHz is approximately 68, with an average conductivity of 3–5 S/m [46,47]. In this experiment, it is required to use the assumption of 5 S/m. From this, the Total Dissolved Solids (TDS) in parts per million was calculated [48]:


32,000 TDS, parts per million, 640 scale [TDS₆₄₀] = 5 S/m











This, in turn, can be converted to g/L using the calculation [49]:


1 g/L = 1000 ppm











Therefore, the concentration required of the saltwater was 32 g/L, and this was simulated in the subsurface.



Ten liters of this saline water were poured into the ground to match the size of the simulated grave. As the grave was dug to simulate ¼ of the size of a real human burial, being consistent with the simulation was important. Therefore, the formulas of Hume–Weyer and Watson were used to calculate the amount of body fluids in a male body with the dimensions of 170 cm height and 70 kg weight at 40 years old.



Hume–Weyer Formula [50]:


Male TBW = (0.194786 × 170) + (0.296785 × 70) − 14.012934 = 39.875636 = 39.9 L











Watson Formula [51]:


Male TBW = 2.447 − (0.09156 × 40) + (0.1074 × 170) + (0.3362 × 70) = 40.5766 = 40.6 L











The average of these calculations determined that a male of this stature contained 40.25 L of body fluids, which was simplified to 40 L to find the nearest integer.



Satellite imagery (using SkyWatch 4-bands satellite at 0.5 m resolution), UAV imagery (using MiniMavic, DJI), and GPR data, before and after the dig, were used to compare the results of the three RS methods and analyze the detectability of the anomaly due to the burial and the simulated decomposition fluids. With the satellite images, NDVI was utilized, whilst VARI was used with the UAV images. Both results were associated with the GPR data from the subsurface. The GPR was a Noggin SmartCart bistatic system from Sensors & Software, Inc., equipped with 500-MHz antennas.



The GPR measurements were performed following the Y-axis direction within a 3 × 4 m2 grid. There was a collection of 12 parallel lines with an interline of 0.25 m and a stacking of 4. Data were generally of good quality, and only the standard DME (Dewow + Envelope + Migration) migration at an average velocity of 0.11 m/ns was necessary.



The experiment ran for 36 days, and the data were collected following the schedule in Table 1. Due to the nature of this initial experiment, although the weather during the 36 days had been mostly rainfall-free, here, we chose not to consider the influence of rain but focused only on the effect of simulated body fluids in a specific area.




3. Results and Discussion


3.1. GPR Results


The initial GPR analysis of the subsurface aimed to detect both the initial constant dielectric of the soil and possible buried features before starting the experiment to exclude them from the next analyses.



Due to clay soil, the initial dielectric constant was 7. In addition, the GPR depth slices of this initial scan showed three possible disturbances in the subsurface. At the shallowest depth, an anthill can be seen at 0.45 m deep. The other two most prominent features of this GPR scan were two possible sewage pipes coming out of the property on the north-western side of the garden. The first sewage pipe crossed the grid in the NW-SE direction at a depth of about 0.60 m. The second sewage pipe was a collector pipe, located at a slightly lower depth of about 0.90 m, and ran perpendicular to the previous one (Figure 2). Based on these preliminary results, it was possible to not only understand the buried features before the experiment but also determine where exactly to dig without any interference.



After this preliminary geophysical investigation, the GPR data were collected according to the schedule in Table 1 to observe the migration of the simulated body fluids.



On the first day, after pouring the liquid and properly refilling the grave, between 1.25 and 1.55 m along the Y-axis and between 0.85 and 1.60 m along the X-axis, the GPR radargram detected a characteristic anomaly due to the burial geometry (two soil cuts and the refilling) [10] (Figure 3a). Inside this anomaly, at 0.30 m deep, the GPR radargram also highlights a strong horizontal anomaly due to the presence of the simulated body fluids. The depth slices between 0.20 m (top) and 0.50 m (bottom) confirmed the moist anomaly and helped to understand the preliminary geometry of the liquids at the beginning of the experiment (Figure 3b). This proved relevant to better understanding the movement and migration of the simulated body fluids during the following days.



On the second and third day, the GPR results showed the presence of both the burial and the fluids, similarly to the first day. Notably, the fluids started to migrate toward gravity, and consequently, the relative anomaly in both the radargram and the depth slices moved downward by a few centimeters, between 0.25/0.27 m (top) and 0.55/0.58 m (bottom) deep (Figure 4a,b).



On the fourth and fifth day, both GPR radargrams and depth slices again showed anomalies due to both the burial and the fluids. In Figure 5, it is possible to see how the moist anomaly is slowly progressing downward due to gravity (0.30 m for the top and 0.60 m for the bottom) and tending to spread at the bottom, making the geometry of the fluid anomaly less evident.



On the seventh day, the GPR data were showing more evidently the trend noticed on the fourth and the fifth days. The fluids’ migration due to gravity has stopped (0.30 m for the top and 0.60 m for the bottom), but the fluids are spreading a bit more at the bottom and are less evident (Figure 6).



Finally, on the 36th day, both GPR radargrams and depth slices confirmed the abovementioned process in which the movement of the simulated body fluids is no more downward due to the gravity but is slightly lateral and spreading at a depth of about 0.60 m with a relative dispersion and reduction of the liquid in the surrounding layers without being able to well define its limits and geometry (Figure 7).



The progression of the simulated body fluids through the subsurface provides an abundance of information about how the fluids from a decomposing body would act in a real burial. The downward migration of the fluids was expected in the initial days of this experiment. However, the lateral movement was not expected so soon. Many factors must have influenced the migration of the fluids, such as the composition of the soil or the weather. To determine whether these factors influenced the results of this experiment, further experiments are needed.




3.2. Satellite Imagery Using NDVI


For the aim of this research, it was possible to find satellite images with the abovementioned characteristics showing the vegetation index before and after the soil was disturbed. In real scenarios at crime scenes with buried bodies, forensic scientists cannot always get ahead of aerial images or any type of photos taken by crime scene investigators before the burial occurred, thus making satellite imagery a real advantage toward the case. NDVI can reveal all possible anomalies that can help determine when the body was buried in a specific location, providing an accurate estimation of the time period. Figure 8 shows the comparison between the satellite images taken before and after (day 36) the dig. Even if other satellite images were available (almost daily), it was decided to focus on the longest period to better highlight the relevance of the methodology simulating the extended period of an investigation.



By applying NDVI analysis to both images, quantifying the vegetation, and highlighting the relationship between near-infrared and red light, a pseudocolor difference was revealed between the two images. While Figure 8a shows the area before the dig, with no visible anomalies in the vegetation, Figure 8b shows the NDVI satellite image of the same area at the end of the experiment, showing a lighter shade of red, which indicates a difference in the vegetation. This difference is visible and mostly detectable by a comparison of the two images. However, the resolution (0.5 m) cannot appreciate very high details. For this reason, even if the NDVI method is valid, it must be a part of other measurements.




3.3. Drone Imagery Using VARI


Unlike in a real-life crime scene, during this experiment, it was possible to get UAV imagery before the dig to see if any anomalies were present in the area before the experimentation. When VARI was applied in pseudocolor, the only visible anomalies were in the bushes right next to the scene (Figure 9a). Once the dig was completed, the body fluids were poured in, and the excavation refilled the dig with the same lump of soil, aerial images using the UAV were collected every day of the experiment. Figure 9b shows the UAV image taken on day 36, right at the end of the experiment, with the application of VARI. Even if the UAV images were taken throughout the whole experiment period, it was decided to be consistent with the options taken with the satellite imagery.



The UAV imagery is very high resolution, and the significance of the detected anomaly allows a clear interpretation of the data. While the aerial images of a crime scene are not always available before the concealment is committed, this VARI method, using simple RGB images, demonstrates tremendous potential for research and exploration.




3.4. Limitations and Future Perspectives


The data recorded in this preliminary research were mainly focused on the simulated body fluids’ detectability by the GPR to assist the investigations at crime scenes involving potential clandestine graves and geophysical searches. This was the main reason why the dielectric constant of the body fluids was chosen for the simulation. Although the simulation of the body fluids related to the dielectric constant was accurate and allowed a valid experiment to be conducted, other typical characteristics of the body fluids, such as viscosity and density, were left out and would be studied in future simulations. Moreover, the effect of external factors like rainfall and scavengers was also taken relatively into consideration, and, in the future, this will be included in a more substantial and wide-ranging experiment. In addition, we are aware that this experiment focuses on only one soil type. Therefore, given the success of this preliminary experiment, the next step will be to consider increasing the case study by subjecting different soil types such as sandy, silty, limestone, etc., to a similar experiment and evaluating the relative outcomes. Further simulations will also take into consideration other burial alternatives, like carbonized bodies, mass graves, buried bodies wearing clothes, etc.



Nevertheless, the experiment showed how other RS methods supported the aim. Figure 10 shows the GPR maps before and after the dig, georeferenced at the site, and compared to the equivalent VARI images.



This research will help law enforcement determine the location of any potential burials by detecting the movement of the body fluids in the subsurface. It could also help in a situation where a corpse has been moved from a certain location, and the location still has body fluids that can be detected in the subsurface. This could provide vital evidence to the court that could result in assisting the prosecution of the culprit. It should be noted, however, that the volume of body fluids the NDVI and VARI analyses identified quite clearly in the subsurface is not so much as that in a burial. Moreover, as pointed out earlier, based on the different resolutions, VARI reported more favorable results (Figure 11).



Moreover, the potential for a full-sized burial could be explored, as this project was scaled down to a quarter of a full-sized burial due to restraints that were out of our control. A full-scale burial could provide more accurate results due to the larger volume of the body fluids. The methods in this experiment were consistent, as we scaled down everything to a quarter of the size. However, using a full-scale burial may yield further results that were not evident in this experiment.





4. Conclusions


This research project aimed to find and investigate geoscientific methods that are non-destructive to the crime scene and establish how they can assist a criminal investigation and help law enforcement to map and locate suspicious burials.



The potential offered by the RS methods is remarkable if we consider the relative ease of obtaining any kind of information from these methods because of the short time and distance involved with them. This can be repeated over time or, in some cases, almost continuously with greater spatial coverage, objectivity, precision, and overall cost-effectiveness when compared to the conventional detection methods. Therefore, RS can represent a real revolution in the field of constant monitoring and is, in fact, already a reality that has been established for some time with increasing applications and diffusion. Thus, it is obvious how these methods play a fundamental role in better understanding the forensic evolution of specific crime scenes [52].



Despite the limitations mentioned earlier, strictly related to the preliminary nature of it, this first-step experiment helped to better understand how decomposition in the subsurface does not always migrate in the way that was initially expected (toward gravity), and several factors need to be considered.



Thanks to the continuous improvement of RS systems, the possibilities of its application and use are always increasing with more detail and precision. It is clear how this result leads to a different thinking of the forensic archaeological context in general and forensic excavation in particular. This amount of RS information can easily help save money, time, and human resources to provide a more accurate ground-truthing.



Finally, the ethical aspect is also not to be underestimated in this research. It has been shown that with proper care, simulating a burial with decomposition fluids is possible even without using pig carcasses. This discussion is timely and has several researchers on the front lines [53]. For the future, it is hoped that this paper will not only provide insights to improve crime scene forensic investigations but also, and more importantly, enable a more ethical and sustainable alternative approach within forensic science.
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Figure 1. The figure, from left to right, shows the front garden of the CSHF, where we collected the measurements before digging; the dig in which the body fluids were poured; and the refilling with the same lump of soil. 
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Figure 2. The three relevant subsurface features detected by the GPR before the experiment: (i) An anthill at 0.50 m along the Y-axis, at 1.70 m along the X-axis, and at about 0.45 m deep; (ii) an NW-SE sewage pipe originated from the CSHF between 2.30 and 2.80 m along the Y-axis, along the entirety of the X-axis, and at about 0.60 m deep; (iii) a collector sewage pipe along the entirety of the Y-axis, between 0.00 and 0.55 m along the X-axis, and at about 0.90 m deep. 
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Figure 3. (a) shows the GPR depth slices relative to the burial with the simulated body fluids from 0.20 m (left) until 0.50 m (right); in (b), the radargram highlights the burial (orange) with the simulated body fluids (blue). 
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Figure 4. (a) illustrates the GPR depth slices relative to the burial with the simulated body fluids between 0.25/0.27 m (left) and 0.55/0.58 m (right) deep; in (b), the radargrams highlight the burial (orange) with the simulated body fluids (blue). Note that the fluids’ migration toward gravity begins. 
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Figure 5. (a) illustrates the GPR depth slices relative to the burial with the simulated body fluids between 0.30 m (left) and 0.60 m (right) deep; in (b), the radargrams highlight the burial (orange) with the simulated body fluids (blue). Note that the fluids’ migration is still happening due to gravity, but it is less evident at the bottom of the burial because of the lateral spreading of the fluids. 
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Figure 6. (a) illustrates the GPR depth slices relative to the burial with the simulated body fluids still between 0.30 m (left) and 0.60 m (right) deep; in (b), the radargrams highlight the burial (orange) with the simulated body fluids (blue). Note that the fluids’ migration due to gravity has stopped, but there is a lateral spreading of the fluids at the bottom. 
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Figure 7. (a) illustrates the GPR depth slices relative to the burial with the simulated body fluids still between 0.30 m (left) and 0.60 m (right) deep; in (b), the radargrams highlight the burial (orange) with the simulated body fluids (blue). Note that the migration is no more downward due to gravity but is laterally spreading even more at the bottom. 
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Figure 8. Figure 8a shows the area before the dig, with no visible anomalies in the vegetation; Figure 8b shows the NDVI satellite image of the same area at the end of the experiment, showing a lighter shade of red, which indicates a difference in the vegetation. 
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Figure 9. (a) illustrates the VARI in pseudocolor before the dig, based on the UAV image; (b) shows the VARI anomaly due to the experiment. 
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Figure 10. The comparison between the georeferenced VARI and the GPR depth-slice results on (a) day 1, before the experiment, and (b) on day 36, after the experiment. 
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Figure 11. Summary of the main GPR, NDVI, and VARI results from DAY 1 and DAY 36. 
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Table 1. This table shows the schedule of measurements over the 36 days.
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	Day
	RS Measurements





	1
	Sat 1, UAV, GPR 2



	2
	UAV, GPR



	3
	UAV, GPR



	4
	UAV, GPR



	5
	UAV, GPR



	7
	UAV, GPR



	36
	Sat, UAV, GPR







1 Before the dig, 2 Before and after the dig.
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